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 The transcriptional response of the model cyanobacterium Synechocystis sp. PCC 
6803 to low-oxygen conditions includes the up-regulation of several clusters of genes related 
to photosynthesis and electron transport. One of these clusters includes genes for isoforms of 
the Rieske protein of the cytochrome b6f complex (encoded by petC2) and the D1 subunit of 
Photosystem II (PS II; encoded by psbA1). Low-oxygen induced psbA genes are found in the 
genomes of a number of cyanobacteria; however, their function is not understood. The aim of 
this project was to determine the roles of psbA1 and the genes of the low-oxygen cluster 
(LOC) in Synechocystis sp. PCC 6803 under low-oxygen conditions. The LOC genes were 
co-transcribed in response to fluctuating oxygen levels. None of the genes in the LOC were 
essential for growth under low-oxygen conditions; however, a psbA1 knockout strain 
displayed increased respiratory activity and perturbed variable chlorophyll a fluorescence 
induction. A petC2 knockout strain also displayed altered physiology, suggestive of 
modulation of quinone exchange by the cytochrome b6f complex.     
 A series of psbA mutant strains were constructed, in which the D1ʹ-encoding psbA1 or 
the D1-encoding psbA2 were expressed from either the low-oxygen responsive psbA1 
promoter or the constitutive psbA2 promoter. These strains were used to characterise the D1ʹ- 
or D1-containing PS II reaction centres in both low-oxygen and aerobic conditions, and 
revealed differences between the chlorophyll a fluorescence characteristics and electron 
transport capabilities of each type. D1ʹ-containing PS II reaction centre complexes were 
assembled to lower levels than D1-containing centres, probably due to decreased 
accumulation of the D1ʹ protein. Centres with D1ʹ were more sensitive to light-induced 
damage than those with D1, leading to an increased susceptibility to photoinhibition of D1ʹ-
containing centres.           
 In addition, a serendipitously discovered point mutation in the chlH gene, encoding 
part of the Mg-chelatase enzyme of chlorophyll a biosynthesis, was characterised. 
Introduction of the Gly195Glu substitution resulted in a ~40% decrease in the accumulation 
of chlorophyll a and altered photosystem stoichiometry. The reduced chlorophyll levels in the 
G195E background may serve as a tool to investigate the biogenesis and repair of the 
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Chapter One: Introduction 
1.1 Background 
1.1.1 Photosynthesis 
At the very foundation of life on Earth lies the complex and intricate biochemical process of 
photosynthesis. Through this series of reactions, photosynthetic organisms are able to harness 
the energy of the sun to produce the carbon compounds and energy sources which sustain the 
production of biological materials by most life on this planet.  
Photosynthesis consists of two interlinked biochemical pathways. The light-dependent 
reactions are driven by pigment-protein complexes embedded in the thylakoid membranes of 
phototrophic organisms, which harvest light energy. These reactions produce ATP and 
NADPH that are utilised in the dark (or light-independent) reactions to fix atmospheric carbon 
dioxide into complex carbohydrates. The chemical potential energy stored in these 
compounds is liberated either by the anabolic reactions of the central metabolism in these 
organisms or by the consumption of the organism or its biomass by heterotrophs. 
Oxygenic photosynthesis is the dominant form of photosynthesis in the biosphere, and is 
thought to have first evolved around ~2.7 billion years ago in an ancestor of the extant 
prokaryotic oxygenic phototrophs, the cyanobacteria (Hohmann-Marriott & Blankenship, 
2011). This process uses Photosystem II (PS II), the water-plastoquinone oxidoreductase, to 
oxidise water and provides electrons to the photosynthetic electron transport chain (ETC). 
Molecular oxygen is produced as a by-product of this reaction, and more than two billion 
years of oxygen accumulation has provided our current oxidising atmosphere, which has 
enabled the evolution of advanced organisms with aerobic respiration-based metabolisms 
(Blankenship, 2010).  
The major components of photosynthesis are conserved between all oxygenic phototrophic 
organisms, including the cyanobacteria, green algae and higher plants. Our current 
understanding is that the chloroplasts originated from a secondary endosymbiosis event, in 
which an ancestral cyanobacterium was engulfed by an ancestral eukaryotic cell 
(Bhattacharya et al., 2004; Hohmann-Marriott & Blankenship, 2011). The thylakoid 
membranes of all oxygenic phototrophs contain a similar complement of multi-protein 
complexes, including PS II, Photosystem I (PS I), the cytochrome b6f complex and ATP 
synthase, which together perform the light-dependent reactions of photosynthesis (Fig. 1.1). 





separation and electron transport processes essential for photosynthesis to occur, as well as 
the pigments required for absorption of light energy.  
1.1.2 The prokaryotic oxygenic phototrophs: The cyanobacteria 
Cyanobacteria are considered to be the progenitors to chloroplasts, and are useful model 
organisms to understand the mechanisms of photosynthesis, given the high level of 
conservation between the components of prokaryotic and eukaryotic photosynthesis 
(Hohmann-Marriott & Blankenship, 2011). The mesophilic cyanobacterium Synechocystis sp. 
PCC 6803 (hereafter Synechocystis 6803) has been extensively studied as a model organism. 
First isolated from a freshwater lake in California in 1968, a genetic variant strain of this 
species was isolated which had gained the ability to grow (photo)heterotrophically using β-D-
glucose as a carbon source (Williams, 1988). This strain also possesses a DNA uptake and 
double-homologous recombination system, and these two attributes allow for the targeted 
construction of mutations in the photosynthetic apparatus and the analysis of obligate 
heterotrophic strains. As a result, Synechocystis 6803 was selected to be the first phototrophic 
organism to have the DNA sequence of its entire genome determined (Kaneko et al., 1996).  
Cyanobacteria are important contributors to global photosynthesis and ecology, especially in 
the oceans, where the Prochlorococcus and Synechococcus spp. contribute a significant 
proportion of global primary productivity (Partensky et al., 1999; Flombaum et al., 2013). 
Cyanobacteria are found in almost every illuminated habitat on Earth, including marine, 
freshwater and terrestrial areas and extreme environments such as hot springs and polar 
regions (Whitton & Potts, 2012). Diazotrophic or nitrogen-fixing cyanobacteria are major 
contributors to the nitrogen cycle, and dominate the supply of fixed nitrogen in the open 
ocean (Whitton & Potts, 2012; Sánchez-Baracaldo et al., 2014). They are also of considerable 
interest to the research community due to their potential as sources of next-generation 
commodities and biofuels, including plastics, pharmaceuticals, terpenoids, alcohols, lipids, 
hydrocarbons and hydrogen (Levin et al., 2004; Machado & Atsumi, 2012). Successful 
utilisation of the cyanobacteria for biofuels production requires an intimate understanding of 
the processes affecting energy metabolism in these organisms; however, electron transport in 
the thylakoid membranes of cyanobacteria is more complex than that of eukaryotic 
phototrophs due to the presence of interconnected photosynthetic and respiratory ETCs.  
One issue with the current state of our understanding of the energy metabolism of phototrophs 
is our limited ability to understand the fluctuations which such organisms must adapt to in 





nutrient-poor and changeable habitats on Earth. Previous research has focussed on 
mechanisms for adaptation to environmental change, particularly the impact of nitrogen, 
phosphorus and iron starvation, highlight stress and circadian rhythms (Bhaya et al., 2000; 
Singh et al., 2003; Takai et al., 2006; Aguirre von Wobeser et al., 2011; Muramatsu & 
Hihara, 2012). Our understanding of the structure of the components of photosynthesis is 
predominantly based on crystal structures: effectively snapshots of the life-time of the 
dominant forms of the membrane multi-protein complexes which drive this process. 
Components of these complexes may be lost during purification or crystallisation, and the 
structure may only represent the dominant form of the complex in a heterogeneous 
population. Understanding the dynamics of assembly and degradation of these complexes, 
including the structure and function of their assembly/degradation intermediates, their 
modification in response to fluctuating environmental conditions and the factors involved in 
these processes is not a trivial matter. 
1.1.3 The photosynthetic electron transport chain 
The first step in the light reactions of photosynthesis is the absorption of a photon of light by a 
light-harvesting antenna. The composition of these antennae vary between the phyla of 
phototrophs, but all have a similar function: to increase the surface area available for light 
absorption, extend the overall spectral range and efficiency of photosynthesis, and funnel light 
energy into the reaction centres for subsequent use in photochemistry (Grossman et al., 1995).  
In eukaryotic phototrophs, the light-harvesting antennae are membrane-integral light-
harvesting complexes (LHC) containing the pigments chlorophyll (Chl) a and b. The 
prokaryotic cyanobacteria on the other hand use membrane-extrinsic, soluble phycobilisome 
(PBS) antennae, which contain phycobilin proteins such as phycoerythrobilin, 
phycocyanobilin and phycourobilin (Fig. 1.1) (Grossman et al., 1995). These proteins contain 
light-harvesting chromophores that are arranged on rods protruding from a central core; these 
pigments are highly ordered and facilitate the transfer of absorbed light energy to the reaction 
centres with high efficiency and little energy dissipation on a very small timescale (Zuber, 
1986; Watanabe et al., 2014). The excitation energy is channelled through Chl molecules in 
the reaction centres to a special Chl pair, either P680 in PS II or P700 in PS I. The 
electronically excited state of P680 induces the rapid transfer of an electron to an adjacent -
pheophytin molecule, and charge separation in the reaction centre is stabilised by the 
subsequent transfer of an electron to the primary electron acceptor of PS II (QA, a molecule of 





after a second reduction (Umena et al., 2011). This series of reactions downstream of P680 is 
referred to as the acceptor side reactions, and may be facilitated by a non-heme iron atom and 
a bicarbonate molecule in the region (Khanna et al., 1977; Shevela et al., 2012). The charge 
separation reaction signifies the conversion of light energy into electron-mediated chemical 
energy (Durrant et al., 1995). The P680 multimer is restored by transfer of an electron from 
the redox-acting tyrosine (TyrZ) to P680
+
 within a few nanoseconds (Schelvis et al., 1994; 
Dekker & van Grondelle, 2000). These electrons originate from the action of the oxygen-
evolving centre (OEC), a Mn4CaO5 cluster which catalyses the oxidation of water by means 








Figure 1.1 Schematic of the photosynthetic electron transport chain in cyanobacteria. Abbreviations: cyt 
b6f: cytochrome b6f complex (PDB 2E74); Fd: Ferredoxin (PDB 1EWY); FNR: Ferredoxin-NADP
+
 reductase 
(PDB 1EWY); PC: Plastocyanin (PDB 2Q5B); PBS: CpcG1 phycobilisome antenna (cartoon from Kondo et al., 
2009); ATP synth.: F1F0 ATP synthase (PDB 2XQU); PS I: Photosystem I (PDB 1JBO); PS II: Photosystem II 
(PDB 3WU2) reaction centre complexes. Adapted from Hasan & Cramer (2012).  
 
 
Following the sequential transfer of two electrons from QA
-
 to the secondary electron acceptor 
of PS II, QB, this reduced, lipophilic quinone molecule binds two protons from the stromal 
side of the thylakoid membrane, dissociates from PS II and enters the plastoquinone (PQ) 
pool (in the hydrophobic core of the membrane) as plastoquinol. Upon binding to the QP site 
of the cytochrome b6f complex, the reduced plastoquinol molecules are oxidised by the 2Fe-
2S cluster of the Rieske iron-sulfur protein (ISP) and the electrons injected into either the 
high-potential chain or the low-potential Q-cycle, depending on the movement of the head 
domain of the ISP (Kurisu et al., 2003; Yan & Cramer, 2003). From the high-potential chain, 
the electrons are transferred via cytochrome f and used to reduce mobile, hydrophilic one-
electron acceptors present in the lumen, usually plastocyanin (or cytochrome C6 in 
cyanobacteria), and eventually PS I. The action of the Q-cycle in the cytochrome b6f complex 
results in the translocation of protons from the electronegative stromal side of the thylakoid 
membrane to the electropositive lumenal side, and concomitant re-reduction of oxidised 





Hasan et al., 2013). Together with the accumulation of protons due to water oxidation by the 
OEC of PS II, this creates a proton motive force which is exploited by the F1F0 ATP synthase 
to produce ATP from ADP and inorganic phosphate. The F1F0 ATPase in oxygenic 
phototrophs is structurally similar to that found in almost all other organisms, except for some 
modified minor subunits which allow light-dark adaptation  (Imashimizu et al., 2011).  
The reduced forms of the soluble electron carriers, plastocyanin and cytochrome C6, are re-
oxidised at the lumenal side of PS I. Electrons liberated from these carriers are used to re-
reduce P700 molecules oxidised by light-induced charge separation. This charge separation is 
stabilised by the sequential reduction of A0 and A1, a monomer of Chl a and a phylloquinone, 
respectively (Fromme et al., 1996). Finally the electrons are transferred to ferredoxin via the 
terminal iron-sulfur clusters in the cytoplasmic/stromal acceptor side protein subunits of PS I. 
Ferredoxin (Fd) is a small, soluble iron-sulfur protein which transfers its electron to the 
ferredoxin:NADP
+
 oxidoreductase (FNR) enzyme. FNR catalyses the final step in the light-
dependent reactions of photosynthesis, the reduction of NADP
+
 to NADPH. In the cytosol or 
stroma, the NADPH generated by the light-dependent reactions is subsequently consumed in 
the reductant-dependent reactions of the Calvin-Benson cycle, the light-independent carbon 
fixation reactions of photosynthesis. Fd can also transfer its electron back to the PQ pool via 
the cytochrome b6f complex in a cyclic electron flow around PS I, which is an essential 
process in eukaryotic phototrophs, though the mechanism in cyanobacteria is unclear 





1.2 Photosystem II 
1.2.1 Structure 
Despite the remarkable phylogenetic and ecological diversity of oxygen phototrophs, the 
inorganic core and major protein subunit composition of PS II is very highly conserved and 
appears to have changed very little in over 2 billion years (Vinyard, 2013a). It appears that the 
biochemical mechanism for the oxidation of water has arisen only once in the natural history 
of the Earth, a rare situation in biology.  
Several crystal structures of the dimeric PS II reaction centre complex from thermophilic 
cyanobacteria have been determined based on crystallographic X-ray diffraction data, and 
have allowed the identification of many of the peptides and cofactors present in the active 
complex (Ferreira et al., 2004; Loll et al., 2005; Guskov et al., 2009; Umena et al., 2011; 
Suga et al., 2014). These structures reveal the presence of a reaction centre core surrounded 
by a complement of low-molecular-weight subunits, and an inorganic catalytic site – the OEC 




Figure 1.2 Crystal structure of dimeric PS II from Thermosynechococcus vulcanus at 1.9 Å. Core protein 
subunits are coloured: D1: cyan; D2: yellow; CP43: light green; CP47: dark green; and extrinsic protein 
subunits: PsbO: purple; PsbU: orange; PsbV: Pink. All other subunits are rendered grey. Also coloured are the 






PS II predominantly exists in vivo as a dimeric complex of between 19 and 31 polypeptide 
subunits, depending on species (Vinyard et al., 2013a). It is a dynamic multi-protein complex, 
and the population in the thylakoid membranes is heterogeneous; consisting of a large 
proportion of complexes in various stages of the biogenesis and repair cycles, in addition to 
the mature dimeric form (Aro et al., 2005; Nixon et al., 2010; Nickelsen & Rengstl, 2013). In 
higher plants, PS II centres are segregated from PS I in the grana stacks of the thylakoid 
membranes; in cyanobacteria, the heterogeneity of thylakoid membranes is not as strict and 
PS II is often found arranged in parallel rows in close proximity to PS I centres (van de 
Meene et al., 2006). The conserved reaction centre core of PS II, and the defined minimum 
subunit requirement for water oxidation, has been experimentally determined to include D1, 
D2, CP43, CP47 and cytochrome b559 (α- and β-subunits), all membrane-intrinsic proteins 
which consist mostly of a number of transmembrane helices.  
A large number of non-protein cofactors are found in the PS II holoenzyme, which confer the 
photochemical abilities vital to oxygenic photosynthesis, including pigments, lipids, haem 
groups, metal ions and quinones. The CP47 and CP43 core antenna proteins bind most of the 
~35 Chl and carotenoid molecules in the complex (Fig. 1.3(A)). The D1 and D2 core reaction 
centre subunits provide a structural scaffold for most of the redox-active cofactors, including 
the multimer of special Chl molecules, P680 and pheophytin, which mediate the primary 
charge-separation reaction of PS II (Fig. 1.3(B)) (Durrant et al., 1995; Ferreira et al., 2004). 
The D1 protein also provides the redox-active tyrosine-161 residue (TyrZ or YZ) which 
provides the electronic connection between the special Chls and the OEC, as well as most of 
the ligands to the metal ions of the OEC (one is provided by CP43) (Metz et al., 1989; Vass & 






Figure 1.3 Cofactors in crystal structure of cyanobacterial PS II from Thermosynechococcus vulcanus. 
(A) Pigments in the dimeric PS II reaction centre. Chl a (green), carotenoid (yellow). Orientation is as in Figure 
1.2. (B) Major redox-active cofactors. The secondary structure of a single monomer of the PS II dimer is shown 
in light grey and the D1 subunit is coloured blue; monomer is rotated 90⁰ relative to (A). Colouring for 
individual atoms is: manganese (blue), oxygen (white), calcium (yellow), chloride (green), non-heme iron 
(black). Co-factors: b559: cytochrome b559 ;c550: cytochrome c550 (both dark grey sticks); P680: special 
pair/primary Chl (PD1, PD2, ChlD1 and ChlD2; green sticks); Pheo: Pheophytin (PheoD1 and PheoD2; yellow 
sticks); QA& QB: primary plastoquinone-9 electron acceptors (red sticks); TyrZ: α-carbons of tyrosine-161 of 






1.2.1 The oxygen-evolving centre 
The OEC is a cluster of inorganic ions, arranged as a heterocubane CaMn3O5 core, bridged to 
an exocuboidal 4
th
 Mn ion by chemically distinct μ-oxo bonds (Umena et al., 2011; Kern et 
al., 2013; Vinyard et al., 2013a). The unique geometric arrangement of the tetramanganese 
cluster allows for a reaction cycle comprising five distinct redox states – known as the S-
states (Kok et al., 1970; Cox et al., 2014). Each S-state corresponds to a step in the sequential 





), and each results in the re-reduction of excited P680
+
 via TyrZ and 
the extraction of an electron from the OEC. After the S3-(S4)-S0 transition, molecular oxygen 
is released and the redox state of the OEC is reset; the geometry of the transient S4 state and 
the exact mechanistic details of this transition remain elusive. The kinetics of each transition, 
and the proportion of PS II centres existing in each state in the dark, are intimately linked to 
the protein environment of the OEC and TyrZ (Wiklund et al., 2001). From recent data it 
appears that the OEC and TyrZ are connected mechanistically by a hydrogen bond network 
mediated by water molecules within the PS II structure, and that similar bonds within the 
substrate channels may stabilise the S-states (Umena et al., 2011; Shen, 2015; Vogt et al., 
2015).  
The channels allowing the movement of water molecules and molecular oxygen between the 
lumen and the OEC are formed partly by soluble, extrinsic subunits located at the lumenal 
side of PS II (Guskov et al., 2009). The complement of these subunits differs between higher 
plant and cyanobacterial PS II, but at least three subunits are present and are thought to 
protect the structure and function of the inorganic OEC core (Bricker et al., 2012) The 33 kDa 
PsbO subunit is found in PS II reaction centres in all oxygen phototrophs and may serve to 
modulate the calcium and chloride requirements for water oxidation by the cyanobacterial 
OEC (De Las Rivas & Barber, 2004; Murray & Barber 2006; Yocum 2008). Indeed, it 
appears to maintain the protein environment of the OEC and stabilise its structure by 




 ions (Nagao et al., 2015).  
A similar role is proposed for the PsbP and PsbQ subunits in higher plants; however, their 
homologues in cyanobacteria, CyanoP and CyanoQ, are not present in the crystal structure of 
the mature PS II complex (Fagerlund & Eaton-Rye, 2011; Umena et al., 2011). These 
subunits are thought to be present in the PS II dimer at stoichiometric amounts but may have 
been lost from the crystals during sample preparation; their absence does affect the activity of 





Summerfield et al., 2005a; Summerfield et al., 2005b). In cyanobacterial PS II, there also 
exists the 12 kDa PsbU and PsbV (cytochrome c550) subunits, which are thought to serve in an 
analogous manner to plant PsbP and PsbQ but have been lost from most eukaryotic PS II 
centres over the course of evolution (Bricker etal., 2012). PsbV enhances PS II activity by 




, and PsbU affects the primary 
photochemistry of PS II including the regulation of S-sate transitions, as well the binding of 
the PBS antennae (Shen et al., 1995; Veerman et al., 2005).  
A number of low molecular-weight subunits are also detectable in the crystal structures of PS 
II, and may have roles in mediating or regulating electron transport, dimerisation of the active 
complex, disassembly and repair or biogenesis. The PsbE and PsbF proteins form the α and β 
subunits of the cytochrome b559 heterodimer (along with a redox-active heme cofactor), an 
essential part of the reaction centre core, and may mediate cyclic electron flow within PS II  
in order to protect the complex from both donor- and acceptor-side photoinhibition during 
assembly and repair (Barber & De Las Rivas, 1993). It is also required for assembly of the 
active holoenzyme, serving as a nucleation centre for the formation of the D2 pre-complex 
during de novo biogenesis of the reaction centre, and may be involved in re-routing excess 
energy during the photoactivation of the OEC (Komenda et al., 2004; Boehm et al., 2011; 
Pospíšil, 2011).  
The single transmembrane helix subunits PsbL, PsbM and PsbT form a three-helix bundle at 
the monomer-monomer interface. PsbM forms the only direct monomer-monomer interaction 
in the membrane, and may have additional roles in regulating electron transport and the 
structure of the QB site (Umate et al.. 2007; Bentley et al., 2008; Kawakami et al., 2011). 
PsbL and PsbT do not form direct inter-dimer connections but seem to affect the regulation 
and structure of the quinone exchange pockets and acceptor-side kinetics of PS II (Bentley et 
al., 2008; Luo et al., 2014). PsbT and PsbH were also found to influence the turnover of the 
D1 protein via regulation of the QB binding site (Komenda & Barber 1995; Julian J. Eaton-






1.3 PS II Assembly and repair 
1.3.1 Biogenesis of PS II subunits 
The de novo assembly of PS II reaction centres is a complex process due to the number of 
polypeptide subunits and cofactors which must be synthesised in stoichiometric amounts and 
sequentially positioned to ensure correct functioning of the complex (Aro et al., 2005). While 
the details of this process are still unclear, biochemical and biophysical studies in 
cyanobacteria and higher plants have revealed many aspects of the general sequence of 
assembly, which appears to be highly conserved across phyla (Komenda et al., 2012; 
Nickelsen & Rengstl, 2013). In addition, many of the factors involved in biogenesis are also 
utilised in a cyclical pathway to repair reaction centres, a process involving the partial 
disassembly of complexes, degradation, removal and replacement of photodamaged D1 
protein, and re-assembly of the complex (Järvi et al., 2015). 
Our current understanding is that PS II is assembled in a modular fashion: smaller sub-
complexes, each containing one of the core Chl-binding subunits and a subset of associated 
low-molecular-weight subunits, are pre-loaded with cofactors and pigments before binding to 
the growing reaction centre complex (Fig. 1.4) (Dobáková et al., 2009; Boehm et al., 2011). 
The abundance of these sub-complexes in the thylakoid membranes is much lower than that 
of the mature dimeric or monomeric forms of the reaction centres; however, certain mutations 
will increase their abundance (Boehm et al., 2012). An increasing number of assembly factors 
have been discovered which are transiently associated with these sub-complexes, and as such 
are absent from the crystal structure of the mature reaction centre (Klinkert et al., 2004; 
Schottkowski et al., 2009; Komenda et al., 2012; Jackson et al., 2014). Many of these 
assembly factors are conserved across cyanobacteria, algae and higher plants (Nickelsen & 








Figure 1.4 Biogenesis and repair of PS II reaction centre complexes. Membrane-integral PS II subunits are 
synthesised on membrane-bound ribosomes, and nascent polypeptides chains are co-translationally inserted into 
thylakoid membranes. Chl a is produced from glutamate, and the first committed step in their biogenesis is 
catalysed by Mg-chelatase, which incorporates an Mg
2+ 
ion into the precursor protoporphyrin IX. Chl a 
molecules are incorporated into the Chl-binding apoproteins during co-translational membrane insertion, which 
may occur in biogenesis centres. Each of the four PS II core Chl-binding subunits exists as a pre-complex with a 
number of low-molecular-weight subunits. The D2-cytochrome b559 pre-complex serves as a nucleation point for 
biogenesis, and binds to a D1-PsbI pre-complex (which associates with the assembly factors PratA and Ycf48) to 
form the RC sub-complex. The CP47 pre-complex is associated with the assembly factors Sll0933 and Psb28 
until it binds to the RC sub-complex to form the RC47 sub-complex. The CP43 pre-complex then binds to the 
growing complex, along with the Psb27 assembly factor. Once the latter is released from the inactive PS II 
reaction centres, the extrinsic proteins (PsbO, PsbU, PsbY and CyanoQ) can bind and photoactivation of the 
OEC can proceed, finally forming active PS II monomers and dimers. Exposure to light damages the D1 subunit 
through UV-induced damage to the OEC and subsequent ROS formation and damage to the protein environment 
(photodamage). The photodamaged PS II dimers are partially disassembled by the removal of the extrinsic 
proteins and the CP43 pre-complex, which allows the FtsH2/FtsH3 metalloprotease access to degrade and 
remove the damaged D1 subunit. A new D1 subunit is synthesised and inserted into the complex undergoing 
repair, and the active PS II reaction centre is re-assembled. Chl molecules are transferred by SCPs during this 







Evidence is also accumulating for the existence of biogenesis centres, areas of convergence 
between the thylakoid membranes and the cytoplasmic membrane, where the early steps of PS 
II biogenesis appear to occur. In the divergent cyanobacterium Gloeobacter violaceus, which 
lacks invaginated thylakoid membranes, the photosynthetic machinery is segregated into 
bioenergetic domains within the cytoplasmic membrane (Rexroth et al., 2011). This 
organisation may be conserved in thylakoid membrane-containing cyanobacteria: many of the 
assembly factors involved in the processing of the D1 subunit in Synechocystis 6803 were 
localised to a defined intermediate sub-fraction of the thylakoid membrane bordering the 
cytoplasmic membrane, which may correspond to structures identified as ‘thylakoid 
convergences’ by electron tomography (van de Meene et al., 2006; Rengstl et al., 2011; 
Stengel et al., 2012). 
Co-translational incorporation of Chl a molecules is a pre-requisite for correct folding of the 
Chl-binding apoproteins of the reaction centre complexes (Kim et al., 1994; Eichacker et al., 
1996). It is thought that the enzymes of Chl biosynthesis form a multi-enzyme complex in 
vivo to facilitate seamless transfer and modification of otherwise toxic biosynthesis 
intermediates (Sobotka, 2014). There is evidence for the physical association of these 
enzymes: two of the terminal enzymes of Chl biosynthesis, protochlorophyllide 
oxidoreductase (POR) and Chl synthase, are thought to form a complex during the greening 
phase of etiolated barley leaves, and may co-purify with Mg-protoporphyrin methylester 
cyclise (Domanskii et al., 2003; Sobotka, 2014). In addition, the Ycf54 protein is required for 
the activity of the Mg-protoporphyrin IX monomethylester oxidative cyclase enzyme, and 
may have a role in the formation of a large multi-enzyme catalytic centre (Hollingshead et al., 
2012).   
The core Chl-binding subunits of PS II are invariably hydrophobic transmembrane 
polypeptides, they are translated on membrane-bound ribosomes and the elongating nascent 
chains co-translationally inserted directly into the membrane (Tyystjärvi et al., 2001). The 
details of this process in cyanobacteria are unclear but may involve a translocon system 
similar to that studied in model bacteria, in which the heterotrimeric SecYEG complex forms 
a protein-conducting channel in the membrane allowing nascent polypeptides access to the 
lipid phase, possibly mediated by the YidC insertase. YidC may ‘stall’ the elongation of 
nascent D1 apoproteins at specific points to allow insertion of Chl molecules in the correct 
positions (Kim et al., 1994). A recent experiment using components from pea chloroplast 
thylakoids to reconstitute co-translational insertion in vitro revealed a direct association 





protein involved in formation of the thylakoid membrane and possibly regulation of the 
assembly of the photosystems themselves (Nordhues et al., 2012; Walter etal., 2015).  
In further support of the hypothesis of biogenesis centres, a complex containing Chl synthase 
– the terminal enzyme of Chl biosynthesis – and the small Chl-binding protein ScpD was 
recently shown to associate with both the SecY/YidC co-translational insertion system and 
Ycf39, an atypical short-chain dehydrogenase and PS II assembly factor (Chidgey et al., 
2014). This finding confirms a physical link between Chl biosynthesis and the synthesis of 
Chl-binding apoproteins. Conversely, Ycf39 forms a Chl-binding complex with ScpC and 
ScpD, which co-purified with unassembled D1 protein and Chl synthase, suggesting a role in 
delivery of Chl to newly synthesised D1 (Knoppová et al., 2014).  
A series of putative PS II assembly factors have been identified in a defined subset of the 
thylakoid membranes, located at the periphery of the cell near the periplasmic membrane 
(Stengel et al., 2012). These areas have been termed PratA-defined membranes (PDMs) due 
to the presence of the periplasmic tetracopeptide repeat protein PratA. This protein interacts 
with the C-terminus of both the pD1 precursor and mature D1 polypeptides and may affect 
maturation by the CtpA protease (Klinkert et al., 2004; Schottkowski et al., 2009). PratA is 
localised exclusively in the periplasmic region of the cell and is thought to mediate the 
transport of Mn ions and their pre-loading into PS II biogenesis intermediates in this area 
(Stengel et al., 2012). Furthermore, deletion of this protein resulted in the loss of semicircular 
rod-like ultrastructures at the periphery of the cell, postulated to represent the biogenesis 
centres (van de Meene et al., 2006; Rengstl et al., 2011; Stengel et al., 2012). Another 
tetracopeptide repeat protein, Pitt, was localised to this region in a putative complex with 
POR, one of the terminal enzymes of Chl biosynthesis; this protein was found to affect the 
maturation of the pD1 precursor polypeptide (Schottkowski et al., 2009; Rengstl et al., 2011). 
Therefore it appears that the early stages of PS II reaction centre assembly, including the 
maturation of the D1 subunit, occur in defined biogenesis centres near the cytoplasmic 
membrane in close proximity to the terminal reactions of Chl biosynthesis.  
The synthesis of the D1 subunit is a critical step for both the biogenesis and repair of PS II 
reaction centre complexes, as D1 provides ligands to many of the redox-active cofactors in the 
active complex; it is also the site of light-induced photodamage, and as such must be 
produced in abundance. As with the other Chl-binding apoproteins, D1 is synthesised on 
membrane-bound ribosomes and co-translationally inserted into the thylakoid membranes, 





subunit is synthesised as a precursor (pD1) with an extended C-terminus relative to the form 
present in the functional, mature reaction centre. The length of this extension varies between 
species – from 16 amino acid residues in Synechocystis 6803, to 9 in plants – and it must be 
cleaved by the specific endoprotease, CtpA, before biogenesis of the OEC can occur (Ivleva 
et al., 2000; Satoh & Yamamoto, 2007). This cleavage occurs after the Ala344 residue of D1, 
and the resultant carboxy group forms one of the ligands to the OEC; in Synechocystis 6803, 
an initial cleavage event after Ala352 results in the accumulation of low levels of a processing 
intermediate termed iD1 (Nixon et al., 1992; Komenda et al., 2007).  
1.3.2 Assembly of PS II reaction centres 
The biogenesis of PS II reaction centres begins with the binding of cytochrome b559 to the D2 
subunit in the thylakoid membrane to form the D2 pre-complex, which serves as a nucleation 
point for the other major sub-complex modules (Fig. 1.4) (Komenda et al., 2004; Nickelsen & 
Rengstl, 2013). The D2 pre-complex has also been postulated to act as an anchor point for the 
terminal enzymes of Chl biosynthesis (Komenda et al., 2012). This D2 pre-complex is then 
bound by a D1 pre-complex, containing the nascent pD1 polypeptide and the PsbI subunit, 
resulting in the formation of the heterodimeric reaction centre pre-complex. The assembly 
factor Ycf48 is intimately involved in this process, as it binds specifically to unincorporated 
pD1 and iD1 polypeptides (Komenda et al., 2008). Deletion of this factor affects the assembly 
of the mature reaction centre and it is thought to promote the binding of the pD1 pre-complex 
to the D2 pre-complex (Komenda et al., 2008; Rengstl et al., 2013; Jackson et al., 2014).  
The subsequent attachment of the CP47 pre-complex, pre-bound to the PsbH, PsbL, PsbM, 
PsbT, PsbX and PsbY subunits, results in the formation of the RC47 sub-complex (Boehm et 
al., 2012). The Psb28 assembly factor is transiently associated with the cytoplasmic side of 
the CP47 pre-complex and may be involved in the biogenesis of Chl molecules and their 
insertion into this subunit (Dobáková et al., 2009). The CP43 core antenna forms a pre-
complex with the low molecular-weight subunits PsbK, Psb30 and PsbZ (Rokka et al., 2005; 
Inoue-Kashino et al., 2008). Transiently associated with this pre-complex are the Sll0606 and 
Psb27 assembly factors; the absence of the former results in an accumulation of CP43-less 
monomers and no dimers (Zhang et al., 2010). Once the CP43 pre-complex binds to the RC47 
sub-complex, all assembly factors bar Psb27 are released. Psb27 is a lipoprotein which binds 
to loop E of CP43 and also interacts with PS I, suggesting a general role in stabilising the 
pigment-protein complexes of the thylakoid membrane (Mabbitt et al., 2009; Komenda et al., 
2012; Liu et al., 2013). Psb27 is thought to act as a ‘gate-keeper’, preventing the binding of 





of the OEC at a premature stage (Liu et al., 2011; Komenda et al., 2012; Michoux et al., 
2012). When the RC47 sub-complex moves out of the biogenesis centre and into the 
thylakoid membrane itself, Psb27 detaches and the biogenesis of the OEC and binding of the 
extrinsic protein subunits can proceed (Nickelsen & Rengstl, 2013). The light-induced re-
arrangement of the ions of the OEC into their correct orientation is a complex, multi-quantum 
process known as photoactivation, and is contingent upon pD1 processing by the CtpA 
metalloprotease (Cheniae & Martin, 1971; Tamura & Cheniae, 1987; Inagaki et al., 2001; 
Komenda et al., 2007a).  
1.3.3 Photoinhibition of PS II 
The utilisation of light energy to drive the oxidation of water confers a huge energetic 
advantage to oxygenic phototrophs, yet the process is not without its drawbacks. The energy 
of the electromagnetic radiation absorbed by pigments and used by PS II to excite electrons 
also irreversibly damages the sensitive protein and cofactor components of the reaction centre. 
During exposure to even physiologically moderate intensities of light, the D1 protein in 
particular accumulates oxidative damage and must be constantly turned over and replaced to 
allow continued function of the reaction centres; the D2 protein is also damaged, to a lesser 
extent (Shipton & Barber, 1994; Lupínková & Komenda, 2004). The observed steady-state 
levels of PS II activity are a balance between the continual process of photodamage to PS II 
and the counteracting activity of a dedicated D1 repair cycle (Chow & Aro, 2005). The rate of 
photodamage is proportional to the intensity of the incident light, and appears to be a first-
order process with only PS II as its substrate (Tyystjärvi, 2013). Higher light intensities result 
in the rate of photodamage exceeding the rate of repair, resulting in a decline in PS II activity, 
a phenomenon known as photoinhibition (Aro et al., 1993; Lindahl et al., 2000; Murata et al., 
2012). This decline is accompanied by an increase in levels of reactive oxygen species (ROS), 
which continues well above the saturation of photosynthesis by incident light (Rehman et al., 
2013). 
The physical mechanism by which the PS II reaction centres are damaged by light is still a 
matter of debate, and for a long time was considered to be due to oxidation by ROS; however, 
evidence suggests that a two-step damage sequence is responsible, and that ROS are produced 
as a by-product (Lupínková & Komenda, 2004; Vass, 2012; Nishiyama & Murata, 2014). It is 
thought that the first step in this mechanism is direct damage to the OEC by the action of 
short-wavelength ultraviolet radiation, in which absorption of UV quanta by higher valency 





2012). This photoinactivated OEC may result in the production of H2O2, a long-lived ROS 
which can damage the protein environment. Destruction of the quinone electron acceptors and 
TyrZ electron donor of the reaction centre by UV-B have also been reported (Vass et al., 
1996).  
The damage to the OEC triggers rapid secondary damage to the reaction centre upon 
absorption of visible light by Chl (Nishiyama & Murata, 2014). In the absence of a functional 





accumulate, which can also damage the protein environment, particularly D1 (Lindahl et al., 





species leads to the formation of 
3
P680 or triplet Chl, and the interaction of this species with 
molecular oxygen formed in the water oxidation reaction leads to the formation of the highly 
reactive singlet oxygen (
1





 is regulated by the oxidation state of the primary electron acceptor 
QA, and charge separation is stabilised when forward electron transfer from Phe
-•
 to QA 
predominates, resulting in a low yield of 
3
P680 (Vass, 2012). However, in environmental 
conditions where the intersystem electron carriers become over-reduced, such as anaerobiosis 
or carbon limitation, QA
-





 and a higher 
3
P680 yield (Cser & Vass, 2007; Takahashi & Murata, 
2008).  
Therefore the proximity of molecular oxygen and excited Chl causes the production of singlet 
oxygen (
1
O2); damage to the PS II reaction centre and the transfer of electrons result in the 
generation of the superoxide anion (•O2
-
), H2O2 and the hydroxyl radical (•OH) (Murata et al., 
2012; Vass 2012). An increase in the level of ROS results in photoinhibition due to 
deceleration of the PS II repair cycle, rather than an acceleration of photodamage (Nishiyama 
et al., 2004).  
1.3.4 Repair of PS II reaction centres 
The irreversible oxidative damage to PS II reaction centres during exposure to light triggers 
the partial disassembly of the complex, from which photodamaged D1 protein is selectively 
degraded and removed (Fig. 1.4) (Komenda et al., 2012b; Mulo  et al., 2012). The complex is 
then repaired by means of a process which co-opts many of the components involved in 
biogenesis; it may also occur in discrete areas of the thylakoid membranes, located near the 
biogenesis centres (Sacharz et al., 2015). The repair process involves a protein-synthesis 





(Allakhverdiev et al., 2003)) and a protein-synthesis-dependent pathway, wherein a new D1 
polypeptide is synthesised and co-translationally re-inserted into the complex followed by re-
assembly (Ohad et al., 1984; Järvi et al., 2015). A functional repair cycle is necessary for the 
organism to counteract the effects of photodamage and minimise photoinhibition, and the 
partial disassembly of reaction centre complexes and selective turnover of the D1 protein 
allows this process to proceed with minimal energy expenditure (Nixon et al., 2005; 
Takahashi & Badger, 2011).  
The degradation and removal of photodamaged D1 protein is mediated primarily by the FtsH 
enzymes, with minor contributions from the DegP proteases under stress conditions (Nixon et 
al., 2005; Barker et al., 2006). The FtsH enzymes are membrane-integral metalloproteases 
and consist of an N-terminal transmembrane region followed by a soluble C-terminus 
containing an AAA
+
 (ATPase associated with diverse cellular activities) module and a Zn
2+
 
metalloprotease domain (Barker et al., 2008; Nixon et al., 2010). Photosynthesis-associated 
FtsH protease enzymes are conserved across oxygenic phototrophs, with four and nine 
isoforms present in Synechocystis 6803 and Arabidopsis thaliana, respectively; two isoforms 
generally associate in alternating, heterohexameric structures with their ATPase and 
metalloprotease domains facing the stroma or cytosol (Adam et al., 2005; Boehm et al., 
2012). While the primary function of these enzymes is the degradation of photodamaged D1 
protein, they appear to also have wider roles in the quality control of both PS II and PS I 
reaction centres and the cytochrome b6f complex (Ostersetzer & Adam, 1997; Mann et al., 
2000; Komenda et al., 2006; Kato & Sakamoto, 2009; Malnoë et al., 2014). FtsH2 in 
particular is required for the degradation of D1 subunits in both cyanobacteria and higher 
plants, though other FtsH isoforms are involved (Bailey et al., 2002; Silva et al., 2003; 
Komenda et al., 2006; Komenda et al., 2010). In cyanobacteria, FtsH2 was recently found to 
aggregate in discrete patches, often in proximity to the cytoplasmic membrane, which 
supports the idea of discrete ‘repair zones’ similar (and perhaps functionally connected) to 
biogenesis centres (Stengel et al., 2012; Sacharz et al., 2015).  
The mechanism by which the FtsH protease recognises photodamaged PS II reaction centres 
and targets them for degradation in cyanobacteria is not clear. Some evidence suggests it may 
involve interactions between the lumenal side of reaction centres and a conserved, lumen-
exposed 91 amino acid loop between the two transmembrane regions of FtsH, and may be 
regulated by the PsbO extrinsic subunit (Bailey et al., 2002; Komenda et al., 2010). A region 





disassembly of the reaction centre complex, is required for rapid degradation of the damaged 
protein, and phosphorylation in this region prevents premature degradation in plants 
(Rintamäki et al., 1995; Komenda et al., 2007). It appears that some form of conformational 
change in the reaction centre during photodamage acts as a trigger for recognition and 
degradation by FtsH (Aro et al., 1992). Indeed, recent data suggests a targeted repair 
mechanism specific for damaged or inefficient D1 protein, and it is possible that light-induced 
oxidative damage and loss of pigments results in an inevitable structural destabilisation of D1, 
which triggers repair (Ohad et al., 1984; Nixon et al., 2005; Nagarajan & Burnap, 2014). 
Some evidence suggests that the degradation event may be mediated by the conformation of 
the QB site, as degradation was slowed by mutations in this vicinity (Dalla Chiesa et al., 1997; 
Lupínková & Komenda, 2004).  
Following degradation and removal of damaged D1 by the FtsH proteases, a freshly 
synthesised D1 polypeptide is inserted into the RC47 sub-complex (Komenda et al., 2006). 
The details of this process are unclear but degradation of damaged subunits appears to be 
synchronised to the availability of new D1 polypeptides (Komenda & Barber, 1995; Komenda 
et al., 2000). Selective replacement of photodamaged D1 may be promoted by the interaction 
between pD1 and Ycf48 (Komenda et al., 2008). Evidence suggests there are mechanisms in 
place to avoid excessive donor-side photoinhibition of partially assembled reaction centre 
complexes during the repair cycle, including modification of midpoint potentials of the QA 
electron acceptor and cyclical electron transfer through cytochrome b559(Vass & Cser, 2009; 
Pospíšil, 2011).  
Synthesis of new D1 polypeptides is in turn dependent on the availability of Chl molecules 
(He & Vermaas, 1998). The lifetime of a Chl molecule is much longer than its associated 
apoprotein, especially D1 given its rapid turnover, and it appears that Chl removed from 
degraded D1 may be temporarily stored by the small Chl-binding proteins (SCPs) during the 
repair cycle  in cyanobacteria (Vavilin et al., 2007; Sobotka, 2014; Knoppová et al., 2014). 
These single-transmembrane helix Chl-binding proteins are evolutionarily related to the LHC 
subunits in eukaryotic oxygenic phototrophs, and are induced under stress conditions 
(particularly high light) (Funk & Vermaas, 1999; He et al., 2001). It was recently revealed 
that the SCPs bind β-carotene in addition to Chl and can quench excited Chl α as a means to 
dissipate excess energy, particularly in the early stages of D1 maturation of PS II assembly 





The SCPs have also been implicated in stabilisation of PS I trimers and may indirectly 
regulate biosynthesis of Chl itself (Xu et al., 2002; Vavilin et al., 2005; Wang et al., 2008). 
The SCP-mediated Chl recycling system prevents futile misdirection of newly synthesised 
Chl, while simultaneously quenching the ROS generation from the excited pigments as heat 
(Komenda et al., 2010; Kopecná et al., 2012; Staleva et al., 2015). Nevertheless, a functional 
de novo Chl biosynthesis pathway is required for efficient PS II repair and it is possible that 
PS II repair might limit the availability of Chl for other Chl-binding proteins, particularly 
under stress conditions (Nixon et al., 2010; Hernandez-Prieto et al., 2011).  
Photoinhibition of PS II occurs when the rate of light-induced damage to reaction centres 
exceeds the rate of repair; while the former depends only on light intensity, the latter is 
predominantly a protein-synthesis-dependent process and is influenced by a number of abiotic 
factors (Murata et al., 2007; Takahashi & Murata, 2008). Adverse environmental conditions 
including moderate heat, low temperature, salt stress and CO2 limitation exacerbate 
photoinhibition by increasing the generation of ROS (Gombos et al., 1994; Allakhverdiev et 
al., 2002; Allakhverdiev et al., 2003). Elevated levels of both 
1
O2 and H2O2 result in a global 
decrease in protein synthesis, particularly that of D1 polypeptides required for the PS II repair 
cycle (Nishiyama et al., 2004; Nishiyama et al., 2011). This suggests that the translational 
machinery is the primary target of ROS; indeed, translational elongation in Synechocystis 
6803 is regulated by the redox state of the elongation factor EF-G, with the oxidised form 
unable to complete elongation due to the presence of a disulfide bond (Kojima et al., 2007; 
Kojima et al., 2009).  
Photoinhibition is thus primarily caused by a stress-induced increase in ROS generation and 
inhibition of protein synthesis, and subsequent inhibition of the PS II repair cycle due to 
insufficient supply of new D1 polypeptides (Tyystjärvi, 2013; Nishiyama & Murata, 2014). 
An interesting hypothesis was recently proposed, which suggests that the controlled 
photoinhibition of PS II, regulated by the rate of repair, is in fact a means to protect PS I from 
photoinhibition (Tikkanen et al., 2014). PS I reaction centres can accumulate oxidative 
damage in adverse conditions, but do not seem to have an effective repair pathway; many of 
the regulatory mechanisms controlling the photosynthetic ETC may in fact serve to prevent 
damage to PS I, especially under fluctuating light, and PS II photoinhibition may be the 





1.4 Photoprotective mechanisms 
Oxidative stress is an issue for all organisms, from bacteria to humans, but none more so than 
oxygenic phototrophs, in whom the generation of molecular oxygen occurs in close proximity 
to an energised proteinaceous system (Cabiscol et al., 2000; Latifi et al., 2008). 
Consequently, phototrophs have evolved a number of mechanisms to counteract the 
accumulation of ROS and prevent photoinhibition of PS II (and PS I) which would otherwise 
threaten their survival. These can be broadly grouped into antioxidants – both enzymatic and 
non-enzymatic – which reduce the damage from ROS, and mechanisms which regulate light 
harvesting and energy dissipation and the electron-transport based partitioning of 
photochemical energy with the aim of decreasing their generation (Mullineaux, 2014; Roach 
& Krieger-Liszkay, 2014).  
1.4.1 Antioxidants 
Carotenoids are a large group of hydrophobic, isoprenoid compounds which function both as 
accessory light-harvesting pigments and non-enzymatic, photoprotective antioxidants in 
oxygenic phototrophs (Hirschberg & Chamovitz, 1994). Carotenoids dissipate their absorbed 
excess light energy or chemical energy from ROS as heat at the expense of the generation of 
proton-motive force and reducing power; in Synechocystis 6803, the predominant carotenoids 
include β-carotene, myxoxanthophyll, and echinenone and zeaxanthin (Steiger et al., 1999; 
Loll et al., 2005; Kusama et al., 2015).  
The generation of superoxide radicals at the acceptor side of PS I occurs when the production 
of reduced NADPH (a sink for high-energy electrons generated by the light-dependent 
reactions) exceeds its consumption by the light-independent reactions of photosynthesis 
(Takahashi & Murata, 2008; Takahashi & Badger, 2011). The superoxide anions are 
converted first to H2O2, catalysed by superoxide dismutase metalloenzymes, then to water by 
a range of peroxidise and catalase enzymes such as KatG of Synechocystis 6803 (Herbert et 
al., 1992; Smulevich et al., 2006). Peroxiredoxins catalyse the reduction of H2O2 using 
thioredoxin and other thiol-containing reducing agents as electron donors, and are up-
regulated as a response to oxidative stress in oxygen phototrophs (Kobayashi et al., 2004; 
Hosoya-Matsuda et al., 2005). Inactivation of both the peroxiredoxin and catalase ROS 
detoxification systems in Synechocystis 6803 inhibited the synthesis of protein, especially the 
D1 subunit, underscoring the importance of these enzymes in protecting the PS II repair cycle 





1.4.2 Regulation of light-harvesting 
Another strategy utilised by oxygenic phototrophs to reduce the accumulation of ROS and 
maintain PS II homeostasis is to regulate the absorption of light energy. The term non-
photochemical quenching (NPQ) refers to the strategy of preventing excess light energy from 
ever being absorbed by the reaction centres. Higher plants and algae utilise the xanthophyll 
cycles, which dissipates light energy as heat by means of a rapid, reversible, light-induced 
oscillation between two forms of each carotenoid present in the LHC complexes: either 
violaxanthin and zeaxanthin or lutein and lutein epoxide (Demmig-Adams & Adams, 1996; 
Jahns & Holzwarth, 2012). Recent evidence supports the idea that this photoprotection 
mechanism, and indeed the LHC complexes themselves, may have evolved from the SCPs 
present in cyanobacteria (Funk & Vermaas 1999; Staleva et al., 2015).  
Cyanobacteria use the SCPs in an energy-dissipative, photoprotective role: they are essential 
for survival under highlight stress, due to their essential role in Chl recycling during PS II 
repair and their ROS-quenching mechanism (He et al., 2001; Knoppová et al., 2014; Staleva 
et al., 2015). Another Chl-binding protein, IsiA, has significant structural similarity to the 
CP43 core antenna of PS II and is induced in response to a number of environmental stresses 
which increase oxidative stress on the cells, including iron limitation, highlight and low-
oxygen (Havaux et al., 2005; Ihalainen et al., 2005; Ludwig & Bryant, 2011). Aggregates of 
IsiA form a ring-shaped 18-mer surrounding normally iron-rich PS I trimers and monomers 
during iron limitation, and serve to increase the absorption cross-section and enhance electron 
transport in PS I reaction centres (Bibby et al., 2001; Wang et al., 2010; Sun & Golbeck, 
2015). 
However, in most extant cyanobacteria, NPQ is primarily mediated by a mechanism in which 
the amount of light energy arriving at the reaction centres is decreased by increasing thermal 
dissipation at the level of the PBS antenna (Kirilovsky & Kerfeld, 2012). The soluble, 
photoactive orange carotenoid protein (OCP) is essential for this mechanism as it binds to the 
PBS antenna core and quenches the fluorescence emission of the PBS (Kirilovsky, 2007; 
Wilson et al., 2012). The thermal dissipation of excess light energy absorbed by the PBS (and 
the quenching of singlet oxygen) is mediated by a 3-hydroxyechinenone chromophore, which 
undergoes a 12 Å translocation during photoactivation of the OCP, reconfiguring carotenoid-
protein interactions within the N-terminal domain (Kerfeld et al., 2003; Sedoud et al., 2014; 





recovery protein (FRP) to recover the activity of the OCP to maintain the cell’s capacity for 




Figure 1.5 Electron transport and photoprotective mechanisms in thylakoid membranes of cyanobacteria. 
Black arrows indicate routes of electron transfer; thickness is roughly equivalent to the proportion of total flux. 
Blue arrows indicate proton transport across the membrane, and grey arrows indicate unconfirmed or alternative 
electron transport, or transfer of excitation from PBS to OCP. Abbreviations: CtaI: aa3-type cytochrome oxidase; 
CtaII: alternative bo-type cytochrome oxidase; Cyd: cytochrome bd quinol oxidase; cyt. b6f: cytochrome b6f 
complex; cyt. c6: cytochrome c6; Fd: Ferredoxin; Flv: Flavodiiron protein; FNR: ferredoxin:NADP
+
 
oxidoreductase; FRP: fluorescence recovery protein; Hox: NiFe bidirectional hydrogenase; NDH-1: type 1 
NADPH dehydrogenase; OCP: orange carotenoid protein; PBS: CpcG1-type phycobilisome;  PC: plastocyanin; 
PQ: plastoquinone pool; PS I: Photosystem I; PS II: Photosystem II; SDH: succinate dehydrogenase; SQR: 







State transitions are a short-term, post-translational mechanism by which oxygenic 
phototrophs can modulate the distribution of absorbed light energy between the photosystems 
to maximise photosynthetic efficiency (Mullineaux, 2014). They involve the re-arrangement 
of the light-harvesting antennae to preferentially excite either PS I or PS II and are one 
component of a broader mechanism to balance the generation of proton-motive force (and 
therefore ATP production) with the generation of reducing equivalents (Finazzi et al., 1999; 
Mullineaux & Emlyn-Jones, 2005; Kramer & Evans, 2011).  
The thylakoid membranes of oxygen phototrophs are densely packed and protein-rich, which 
makes the movement of membrane-integral proteins difficult; however, the PBS antennae of 
cyanobacteria are membrane-extrinsic and able to diffuse freely (Joshua & Mullineaux, 2004; 
Mullineaux, 2014). This movement allows their redistribution to favourably channel absorbed 
light energy to either PS II or PS I within a few minutes, though recent evidence suggests that 
only the rod components of the PBS migrate, and that the core remains associated with either 
PS I or PS II (Stadnichuk et al., 2009; Zhao et al., 2014). Indeed, distinct types of PBS with 
different rod-core linker CpcG proteins have been described and may have different roles in 
state transitions (Kondo et al., 2007; Kondo et al., 2009). State transitions in cyanobacteria 
were found to be a way of maximising the efficiency of light harvesting at low light 
intensities, although they may retain a photoprotective function in cyanobacteria with less 
efficient OCP-mediated NPQ such as Synechococcus elongatus sp. PCC 7942 (hereafter 
Synechococcus 7942) (Mullineaux & Emlyn-Jones, 2005; Kaňa et al., 2012).  
In eukaryotic phototrophs, state transitions involve the lateral migration of the LHCII 
antennae, mediated by reversible phosphorylation of these proteins by the STN7/Stt7 kinase 
(Depègeet al., 2003; Tikkanen & Aro, 2012). The activity of this kinase is regulated by the 
occupancy of the QP site of the cytochrome b6f complex (Zito et al., 1999); although the 
mechanism of state transitions in cyanobacteria is not known, it is likely to also involve a 
signal communicating the redox state of the PQ pool, which is propagated by a component of 
the cytochrome b6f complex to an effector (Mullineaux & Allen, 1990; Vernotte et al., 1990; 
Mao et al., 2002; Joshua & Mullineaux, 2005). State transitions in cyanobacteria are also 
influenced by the apparent re-distribution of Chl-containing core antennae and the 
photosystems themselves in addition to the PBS antennae – in State I, PS II complexes 
assemble into rows, while in State II they are found distributed seemingly randomly 





1.4.3 Regulation of electron transport 
1.4.3.1 Linear and cyclic electron flow 
State transitions and the ratios of linear and cyclic electron flow are regulated in response to 
the redox state of the PQ pool (Finazzi et al., 2002; Takahashi et al., 2013). In cyclic electron 
flow (CEF), electrons associated with acceptors downstream of PS I (such as Fd and 
NADPH) are re-injected into the PQ pool; this process generates protein motive force (and 
thus ATP) at the expense of NADPH (Munekage et al., 2004; Takahashi et al., 2013). 
Regulation of the ratio between LEF and CEF allows the cell to balance its ATP:NADPH 
ratio depending on its metabolic requirements (Finazzi et al., 1999).  
In oxygenic phototrophs, it appears that two main types of CEF operate: one (NDH-1 
dependent) involves electron flow from metabolites to plastoquinone via the type-1 NADPH 
dehydrogenase (NDH-1) complexes present in thylakoid membranes; the other (FQR-
dependent) may take the form of direct electron flow from PSI to the PQ pool via Fd and the 
ferredoxin:quinone oxidoreductase (FQR) (Bolychevtseva et al., 2011; Hertle et al., 2013). 
The contribution of FQR-mediated CEF to cyanobacterial energy metabolism is uncertain, 
although it is important for eukaryotic oxygenic phototrophs (Munekage et al., 2004; 
Bolychevtseva et al., 2011). 
The reversible formation of a supercomplex containing the cytochrome b6f complex, PS I, 
various LHC antennae, FNR, and the adaptor protein PGRL1 has been described in green 
algae and higher plants, and regulates the LEF:CEF ratio as well as the distribution of 
absorbed light energy via state transitions (Iwai et al., 2010; Takahashi et al., 2013). In plants, 
PGR1 is the FQR enzyme which donates electrons directly to the PQ pool and provides an 
essential mechanism for photoprotection of PS I as it modulates the ratio of reducing power to 
proton motive force, and reduces the generation of ROS (Munekage et al., 2004; DalCorso et 
al., 2008; Hertle et al., 2013). This mechanism is regulated by the PGR5 protein, and while no 
cyanobacterial genomes contain a pgrl1 homologue, the ssr2016 gene of Synechocystis 6803 
has significant homology to plant pgr5 and may regulate CEF around PS I (Yeremenko et al., 
2005; Nandha et al., 2007; Munekage et al., 2008). CEF may contribute to the energy 
homeostasis of cyanobacteria; however, its mechanism remains elusive and it is not 
absolutely required for photoprotection as in plants (van Thor et al., 2000; Bolychevtseva et 





1.4.3.2 Electron valves 
The ratio of the generation of reducing power to proton motive force is also controlled by 
‘electron valves’, which transfer high-energy electrons from the photosynthetic electron 
transport chain to external electron acceptors, often molecular oxygen (Appel et al., 2000; 
Zhang et al., 2009; Lea-Smith et al., 2013). These photoprotective mechanisms generate 
proton motive force at the expense of reducing power and may help prevent the over-
reduction of the electron transport chain, ROS generation and subsequent photoinhibition of 
PS I and PS II. Regulation of these electron transport switches is mostly gene-expression 
dependent and therefore occurs over longer time-scales than state transitions and LEF:CEF 
switching (Mullineaux, 2014).  
The genomes of most cyanobacteria contain genes encoding A-type flavoproteins, modular 
enzymes involved in oxygen and nitric oxide detoxification in bacteria and archaea. These 
modular enzymes comprise the β-lactamase-like and flavodoxin domains typical for 
flavoproteins and in cyanobacteria also contain a C-terminal NADPH:flavin oxidoreductase 
domain (Helman et al., 2003; Zhang et al., 2009). In Synechocystis 6803, the Flv1 and Flv3 
flavodiiron proteins (FDPs) form heterodimers and are essential for the photoreduction of O2 
using PS I-derived electrons in the Mehler reaction (Helman et al., 2003; Allahverdiyeva et 
al., 2011). These enzymes contribute significantly to maintaining the redox balance of 
cyanobacteria, and provide photoprotection to PS I – particularly under fluctuating light – by 
transferring electrons out of the electron transport chain without the generation of ROS 
(Allahverdiyeva et al., 2013).  
The Flv2 and Flv4 FDPs were recently demonstrated to participate in a novel mechanism of 
PS II photoprotection, especially under photoinhibitory conditions of high light and/or CO2 
limitation (Zhang et al., 2009). Biochemical evidence suggests that a soluble Flv2/Flv4 
heterodimer associates with dimeric PS II reaction centre complexes via the Sll0218 
membrane-integral adaptor protein (Zhang et al., 2012). When overexpressed in E. coli, the 
Flv4 protein catalyses the NADH-dependent reduction of oxygen to water; in cyanobacteria, 
the heterodimeric FDP complex may channel up to 30% of the electrons originating from PS 
II to oxygen (Bersanini et al., 2014; Shimakawa et al., 2015). It appears that the FDP complex 
docks in the vicinity of the QB site of the reaction centre complex and may stabilise forward 
electron transport in stress conditions by increasing the redox potential of QB and stabilising 





flow confers photoprotection to PS II in a complementary manner to OCP-mediated NPQ 
(Bersanini et al., 2014).  
The bi-directional NiFe hydrogenase enzyme (Hox) is present in many cyanobacteria and may 
also act as an electron valve for the light reactions of photosynthesis (Appel et al., 2000). Hox 
operates bi-directionally with a bias to the reduction of 2H
+
 to H2,and acts as an electron sink 
for low-potential electrons from PS I via reduced Fd or from fermentative metabolism via 
reduced flavodoxin (Antal et al., 2006; Mcintosh et al., 2011; Gutekunst et al., 2014). The 
hydrogenase is expressed in aerobic conditions, and the expression of subunits of PS I, PS II 
and the cytochrome b6f complex are reduced in its absence; yet the enzyme is rapidly and 
reversibly inactivated by oxygen (Appel et al., 2000; Kiss et al., 2009; Mcintosh et al., 2011). 
Hox gene expression is up-regulated under low-oxygen conditions in Synechocystis 6803, and 
the hydrogenase is a vital electron valve under fermentative conditions (Gutthann et al., 2007; 
Summerfield et al., 2008; Kiss et al., 2009). Indeed, recent data suggests the NiFe 
hydrogenase may be essential for survival under the mixotrophic, nitrate-limiting conditions 
found in phytoplankton blooms, where carbon and nitrogen fixation (the usual sinks for 
reduced flavodoxin/ferredoxin) are unavailable (Gutekunst et al., 2014).  
1.4.3.3 Respiratory electron transport 
In addition to the photosynthetic ETC, the membranes of cyanobacteria also contain the 
enzymes of the respiratory ETC. Some components of the photosynthetic ETC are shared 
with this pathway, including the PQ pool, the cytochrome b6f complex and cytochrome c6 
(Hirano et al., 1980; Aoki & Katoh, 1983). The respiratory ETC in cyanobacteria generates a 
proton-motive force, allowing the production of ATP in the dark or stress conditions – with an 
additional role in energetic protection of the photosynthetic machinery (Hart et al., 2005). It 
appears that in cyanobacteria, interlinked respiratory and photosynthetic electron transport 
chains have arisen as a response to a selective pressure to provide efficient respiration in the 
dark, reduce oxidative stress and accommodate fluctuating light conditions which would 
otherwise lead to photoinhibition of PS I and PS II (Lea-Smith et al., 2013).  
The dominant terminal enzyme of the respiratory electron transport chain in Synechocystis 
6803 is CtaI, a aa3-type cytochrome c oxidase (Howitt & Vermaas, 1998) (Fig. 1.3). This 
enzyme catalyses the oxidation of cytochrome c6 and the reduction of oxygen to water, and 
provides an electron valve for the photosynthetic ETC in the absence of PS I activity 
(Vermaas et al., 1994; Pils & Schmetterer, 2001). CtaII is an alternative cytochrome c oxidase 





remain enigmatic (Hart et al., 2005; Pils etal., 2006). The third terminal respiratory oxidase 
enzyme in Synechocystis 6803 is Cyd, a cytochrome bd-type quinol oxidase, which accepts 
electrons directly from the PQ pool and may have a role in alleviating photoinhibition of PS II 
(Schmetterer et al., 1994; Berry et al., 2002; Tsunoyama et al., 2009; Lea-Smith et al., 2013).  
A number of enzymes of the respiratory pathway also contribute to the reduction of the PQ 
pool. The type 1 NADPH dehydrogenases (NDH-1) are large, membrane-bound complexes 
which resemble the NADH:quinone oxidoreductase enzymes of the eubacteria and catalyse 
the oxidation of a molecule of a NADPH and the reduction of plastoquinone (Ma et al., 2006; 
Bernát et al., 2011; Nowaczyk et al., 2011). The succinate:quinol 
oxidoreductase/dehydrogenase complex (SDH) is also present in cyanobacterial thylakoids, 
and catalyses the oxidation of succinate to fumarate and the reduction of plastoquinone, thus 
providing an indirect CEF from metabolites to the PQ pool (Cooley et al., 2000; 
Bolychevtseva et al., 2011). Both NDH-1 and SDH have been shown to change their 
distribution in the thylakoid membranes in response to the redox state of the PQ pool in 
cyanobacterial cells; this process may regulate electron transport in the short term (Liu et al., 
2012).  
Cyanobacteria are often exposed to high concentrations of the highly reduced electron donor 
hydrogen sulfide (H2S) associated with low-oxygen habitats, especially in benthic regions of 
lakes and hot springs (Cohen et al., 1986; Voorhies et al., 2012). In this situation the type I 
sulfide:quinone oxidoreductase (SQR) enzyme is induced in Synechocystis 6803 and mediates 
light-dependent reduction of the PQ pool, using H2S as an electron donor (Bronstein et al., 
2000; Nagy et al., 2014). This system appears to be conserved in many cyanobacteria and 
allows them to grow and proliferate using facultative bacterial-type anoxygenic 
photosynthesis, a PS I-driven, CO2-photoassimilation process (Cohen et al., 1975; Padan, 






1.5 D1 Protein isoforms in cyanobacteria 
In higher plants and eukaryotic phototrophs, the D1 core protein subunit of PS II reaction 
centres is typically encoded by a single psbA gene located in the plastid genome (Mulo et al., 
2012). On the other hand, the genomes of cyanobacteria contain a psbA gene family of 
between one and eight members, depending on species; the members of some of these 
families show significant sequence variation from the eukaryotic psbA genes (Mulo etal., 
2009; Cardona et al., 2015). The roles of these divergent psbA genes are not completely 
understood, but they appear to be part of a photoprotective mechanism complementary to 
those outlined above, enabling cyanobacteria to adapt their photosynthetic machinery to 
diverse environmental conditions.  
1.5.1 psbA gene families in cyanobacteria 
Recent phylogenetic analyses of the psbA gene families in cyanobacteria suggests the 
existence of five distinct isoforms of D1, which, based on the complement of known OEC  
amino acid ligands in each isoform, may represent a sequential progression in the evolution of 
water oxidation (Cardona et al., 2015). By far the dominant class of psbA genes in extant 
cyanobacteria, with at least one copy present in every genome sequenced so far, are the Group 
4 genes which encode the well-characterised standard D1 protein (Cardona et al., 2015). 
Many species, including Synechocystis 6803, contain additional copies of the dominant Group 
4 psbA gene which are up-regulated as a strategy to increase the amount of D1 protein 
available for PS II turnover in stress conditions (Mulo et al., 2009). The highlight inducible 
forms of the Group 4 psbA genes represent another strategy for the regulation of 
photosynthesis in response to changing environmental conditions (Kulkarni et al., 1992; Mulo 
et al., 2012). 
The next earliest-branching group of psbA genes encode the oldest D1 isoforms which contain 
all the amino acid residues whose side-chains provide the ligands necessary for formation of a 
functional OEC, and are thus likely to be able to perform oxygenic photosynthesis as 
observed in extant phototrophs (Cardona et al., 2015). The genomes of many cyanobacteria 
contain a representative of these Group 3 psbA genes, though their distribution does not seem 
to correlate with any metabolic traits or habitats. The up-regulation of expression of Group 3 
genes has been observed in response to low-oxygen conditions in several cyanobacteria, 
including Synechocystis 6803, Thermosynechococcus elongatus BP-1, Cyanothece sp. ATCC 
51142, Anabaena sp. PCC 7120 and Acaryochloris marina (Summerfield et al., 2008; Sicora 
et al., 2009; Kiss et al., 2012). The physiological role of these low-oxygen induced D1ʹ 





substitutions: Gly80Ala, Phe158Leu and Thr286Ala (Salih & Jansson, 1997; Sicora et al., 
2009).  
Another class of divergent psbA genes is associated with many diazotrophic cyanobacteria 
and also contains amino acid substitutions around the OEC (Murray, 2012). The 
representative of these Group 2 psbA genes in the unicellular nitrogen-fixing marine 
cyanobacterium, Cyanothece sp. ATCC 51142, is up-regulated during the dark, when this 
organism switches its metabolism from oxygenic photosynthesis to nitrogen fixation (Toepel 
etal., 2008; Zhang & Sherman, 2012). Recent evidence suggests that the product of this psbA4 
gene is a non-functional ‘sentinel’ D1 protein, which is incorporated into PS II complexes as a 
structural placeholder in a mechanism to prevent low levels of oxygen evolution at night, 
which might otherwise cause the inactivation of the oxygen-sensitive nitrogen-fixing enzymes 
(Wegener et al., 2015).  
The cyanobacterium Leptolyngbya sp. strain JSC-1 exhibits a drastic remodelling of PBS, PS 
I and PS II complexes as part of a photoacclimation response to cultivation in far-red light 
(Gan et al., 2014). A highly divergent psbA gene was up-regulated as part of this response; 
homologues of these Group 1 psbA genes are found in all five subsections of cyanobacteria, 
and encode a class of ‘super-rogue’ D1 proteins which are also unlikely to be able to support 
oxygenic photosynthesis due to significant amino acid substitutions around the OEC and the 
acceptor side of PS II (Murray, 2012; Cardona et al., 2015).  
Finally, the most highly divergent psbA gene type is found only in the genome of the 
primitive cyanobacterium, Gloeobacter kilaueensis sp. JS1 (Saw et al., 2013). The product of 
this gene contains only one of the amino acid ligands to the OEC (Glu189) and is therefore 
highly unlikely to be able to support oxygenic photosynthesis; in addition, the C-terminus of 
the protein appears to be a hybrid between D1 and D2, containing some residues strictly 
conserved in the latter (Cardona et al., 2015). Therefore, this appears to be the earliest-
evolving psbA gene known in extant cyanobacteria, and supports the hypothesis that D1 and 
D2 share a common ancestor (Hohmann-Marriott & Blankenship, 2011; Cardona, 2015).  
1.5.3 Regulation of psbA transcription and D1 exchange in cyanobacteria 
In many cyanobacteria, one form of D1 dominates under standard or moderate physiological 
conditions, and a functionally distinct form is induced to optimise photosynthesis in certain 
environmental conditions (Mulo et al., 2009; Vinyard et al., 2013b). Exposure to high light 





regulation of the psbAII and psbAIII transcripts in Synechococcus 7942, and concomitant 
exchange of the D1:1 isoform for a functionally distinct, high light induced isoform (referred 
to as D1:2) in PS II reaction centres in this species; an equivalent process occurs in the 
thermophilic cyanobacterium Thermosynechococcus elongatus BP-1 (hereafter T. elongatus) 
(Clarke et al., 1993; Kulkarni & Golden, 1994; Campbell et al., 1998; Kós et al., 2008). This 
form of D1 appears to confer improved protection against photoinhibition of PS II in stress 
conditions, and is turned over faster in comparison to the standard D1:1 isoform; similar 
results were observed when the two isoforms were artificially expressed in Synechocystis 
6803 (Clarke et al.. 1993; Komenda et al., 1999; Tichý et al., 2003). Heterologous expression 
of the Synechococcus 7942 D1 isoforms in the green alga Chlamydomonas reinhardtii 
revealed that while the D1:2 type confers a bioenergetic advantage at high light intensities, the 
D1:1 type possessed a more efficient water-oxidising cycle efficiency due to a faster charge 
recombination in the S3 state at low light intensities; therefore the D1 isoform exchange 
allows the organism to tune its photochemical efficiency to solar intensity (Vinyard et al., 
2013b, 2014).  
The bioenergetics of the D1:2 isoform have been well-studied in the unicellular 
cyanobacterium Synechococcus 7942 and T. elongatus (Clarke et al., 1993; Sugiura et al., 
2010). D1:2 is characterised primarily by a conserved Gln130 to Glu substitution; in 
Thermosynechococcus, this results in the strengthening of a hydrogen bond between the 
amino acid side-chain and the pheophytin molecule at the heart of the PS II reaction centre 





 pairs are increased by ~17 mV and ~35 mV, respectively, in 
the intact D1:2-containing PS II reaction centre; the rate of electron transfer between TyrZ 
and pheophytin is also increased (Sugiura et al., 2010; Kato et al., 2012; Sugiura et al., 2014). 
Introduction of the Gln130-Glu substitution into the D1 protein of Synechocystis 6803 
resulted in reaction centres which displayed increased non-radiative charge recombination of 
the primary pair, resulting in lower 
1
O2 generation and a decrease in photodamage (Cser & 
Vass, 2007; Rehman et al., 2013). The gene encoding the Gln130-Glu-containing, high-light-
induced isoform of D1 appears to have arisen independently several times during evolution, 
and corresponds to the single psbA gene found in all eukaryotic phototrophs (Svensson et al., 
1991; Cardona et al., 2015). Interestingly, the presence of a high-light-induced psbA gene 
appears to be mutually exclusive with presence of the Flv2-4 operon in cyanobacterial 
genomes, suggesting that the D1:2 isoform was selected for during the course of evolution as 





1.5.4 psbA1 and D1ʹ of Synechocystis 6803 
The genome of Synechocystis 6803 does not contain a D1:2-encoding psbA gene; it does, 
however, contain two copies of the standard Group 4 psbA genes which possess 98% identity 
to one another, and express an identical D1 protein. The constitutively expressed psbA2 
accounts for 90% of psbA mRNA present in the cell in moderate physiological conditions, 
and is complemented by up-regulation of psbA3 in response to a number of environmental 
stresses, including high light intensity, UV-B light and cold and salt stress (Mohamed & 
Jansson, 1989; Sicora et al., 2006; Kopf et al., 2014). This increase in mRNA is mirrored by 
an increase in the pool of D1 polypeptides available for the PS II repair cycle, thus protecting 
against photoinhibition (Mulo et al., 2012).  
The Synechocystis 6803 genome also contains the psbA1 gene, which has 75% sequence 
identity with psbA2, and encodes a divergent D1ʹ protein with substitutions in 54 out of 360 
amino acid residues (Fig. 1.6(A)) (Salih & Jansson, 1997). Under standard conditions the 
psbA1 mRNA is expressed at only trace levels, comprising ~0.2% of the total psbA mRNA 
content of the cells, and for a long time after its discovery this gene was considered to be 
silent (Mohamed et al., 1993; Sicora et al., 2006). However, microarray analysis of 
differential gene expression in Synechocystis 6803 revealed a 3.4-fold up-regulation of psbA1 
mRNA after 2 h incubation in low-oxygen conditions, generated by constant purging with 
0.1% CO2 in N2 (Summerfield et al., 2008). The low-oxygen induced up-regulation of 
homologous mRNAs, corresponding to the Group 3 psbA genes, was reported for a number of 
other morphologically and metabolically diverse cyanobacteria; this suggests the existence of 
a specific D1 isoform exchange mechanism, facilitating the adaptation of cyanobacterial 
photosynthesis to low-oxygen conditions (Summerfield et al., 2008; Sicora et al., 2009; Kiss 
et al., 2012; Cardona et al., 2015). However, it should be noted that even at peak transcript 
levels, the psbA1 mRNA in Synechocystis 6803 only accounted for ~15% of the total psbA 
mRNA in the cells, and D1ʹ may not be the dominant D1 isoform even under low-oxygen 






Figure 1.6 The D1ʹprotein of Synechocystis 6803. 
(A) Cartoon showing the positions of α-helices and loops in the precursor protein. Amino acids in black indicate 
the substitutions between D1 and D1ʹ and major cofactors are shown in green boxes with D1-originating lines 
indicated. From Salih & Jansson (1997); reproduced with permission from the American Society of Plant 
Biologists. (B) Superimposed overview of the D1 and D1ʹ proteins (shown as grey ribbon) in complex with 
cofactors: P680 (green), Chl (green), pheophytin (yellow), QA/QB (light red), carotenoid (pink), Mn4Ca cluster 
(red and yellow spheres for Mn and Ca atoms, respectively) and non-heme Fe
2+
 (cyan sphere). The conserved 
amino acid substitutions in all Group 3 psbA gene-encoded D1ʹ proteins are circled; carbon atoms in residues at 
positions 80, 158 and 286 are shown as sticks in blue in D1 and orange in D1ʹ. From Sicora et al. (2009); 






Little is known about the properties of these low-oxygen induced D1ʹ isoforms, or their 
functional significance under low-oxygen conditions. Artificial expression of the psbA1 
mRNA in aerobic conditions was achieved by splicing the constitutive psbA2 promoter region 
upstream of the gene, and analysis revealed that the D1ʹ gene product can partially substitute 
for D1 in functional PS II reaction centres (Salih & Jansson, 1997). These D1ʹ-containing 
centres are less efficient than the D1-containing equivalent, possibly due to retarded TyrZ-
mediated electron donation to P680
+





charge pairs due to a ~20 mV decrease in the midpoint potential of the S2/S1 states(Funk 
et al., 2001; Sicora et al., 2004). In particular, a Phe186Leu substitution contributes to a 
reduced Pheo/Pheo
-





 states; a decreased QA/QA
-
 midpoint potential and acceptor-side perturbations was also 
observed as a result of this substitution, but is rectified in the native D1ʹ by additional 
substitutions in this area, suggesting that the aberrant D1ʹ-containing PS II reaction centres are 
physiologically relevant (Sicora et al., 2004). The effects of the characteristic Gly80Ala, 
Phe158Leu and Thr286Ala amino acid substitutions are not known, and though they are 
conserved in all low-oxygen-induced psbA genes in cyanobacteria identified to date, in silico 
modelling suggests they are not close enough to any redox-active cofactors to have a major 
effect on the photochemistry of D1ʹ-containing PS II reaction centres (Fig.1.6(B)) (Sicora et 
al., 2009; Cardona et al., 2015).   
The properties of the (normally low-oxygen induced) psbA2 gene product in T. elongatus 
have been studied, and also revealed modifications to the TyrZ environment, resulting in 
slowed proton-coupled electron transfer processes associated with the oxidation of TyrZ 
(Sugiura et al., 2012). PsbA2-PS II complexes purified from this strain were found to 
associate with a novel haemoprotein encoded by tll0287, which has homologues in many 
cyanobacteria; expression of this gene may be a consequence of oxidative stress experienced 
by the artificially-induced, normally low-oxygen expressed PsbA2-PS II reaction centres 
(Boussac et al., 2013; Sugiura & Boussac, 2014). D1ʹ proteins have been shown to be 
incorporated into functional PS II reaction centres in response to low-oxygen conditions in 





1.6 The response of cyanobacteria to low-oxygen conditions 
1.6.1 Low-oxygen environments  
The differential regulation of a specific type of psbA gene in response to low-oxygen 
conditions is intriguing; however, it appears to be only one facet of a global transcriptional 
response to such conditions in cyanobacteria (Summerfield et al., 2008; Ludwig & Bryant, 
2011; Summerfield et al., 2011). Much remains unknown about cyanobacterial metabolism in 
low-oxygen conditions, yet fluctuating oxygen levels are almost certainly a common 
occurrence for cyanobacteria in their native habitats. For one, the PS II activity of oxygenic 
phototrophs in the light produces molecular oxygen as a by-product of water oxidation, and 
this process oxygenates the immediate environment. Conversely, the ubiquitous presence of 
respiratory enzymes in cyanobacteria and other heterotrophic bacteria in the local ecosystem 
results in a de-oxygenation of the environment as oxygen is reduced to water (Paerl et al., 
2000; Pils & Schmetterer, 2001). The relative activities of these counteracting processes (as 
well as of those of intimately connected metabolic activities such as oxygen-sensitive nitrogen 
fixation and fermentation) change through the diurnal cycle; as ambient light levels change 
with the sun, so does the temperature and thus the oxygen dissolution from the atmosphere (in 
an aquatic habitat) (Steunou et al., 2006; Cervený & Nedbal, 2009).  
The initial evolution and diversification of cyanobacteria may have occurred at a time very 
early in Earth’s history, when the atmosphere (and ocean) was highly reduced and completely 
anaerobic (Schirrmeister et al., 2013; Planavsky et al., 2014). The wide-spread and highly 
successful utilisation of oxygenic photosynthesis resulted in the accumulation of molecular 
oxygen in the atmosphere over the course of ~500 million years, culminating in the Great 
Oxidation Event ca. 2.3-2.5 billion years ago in which many of the oxygen-sensitive forms of 
early life are thought to have perished (Hohmann-Marriott & Blankenship, 2010; Kump et al., 
2011; Planavsky et al., 2014). The legacy of oxygenic photosynthesis is today’s oxidising 
atmosphere and the aerobic metabolism of much of the biosphere, yet there remain niches in 
which anaerobic or low-oxygen conditions occur. These are often dominated by 
cyanobacteria, and include microbial mats and biofilms, geothermal hot springs, soils (such as 
rice paddies or estuarine mud), under frozen lakes, and in eutrophic lakes and algal blooms 
(Stewart & Pearson, 1970; Paerl, 1978; Voorhies et al., 2012). The low levels of oxygen in 
these habitats is often accompanied by elevated levels of sulfide, and many cyanobacteria 
have developed facultative systems for anoxygenic photosynthesis using H2S as an electron 





Microbial mats are complex consortia of vertically layered, metabolically interdependent 
sheets of micro-organisms, often found in benthic regions of lakes and shallow seas, and in 
many cases are dominated by cyanobacteria (Stal, 1995; Paerl et al., 2000). Mats are among 
the oldest form of life on Earth for which we have fossil evidence, and as the organisms 
within must adapt to fluctuating gradients of light, sulfide and oxygen during the diurnal 
cycle, they may have played a significant role in the evolutionary adaptation to an oxygenated 
atmosphere (Des Marais & Canfield, 1994; Stal, 1995; Hoehler et al., 2001). Cyanobacterial 
blooms are a significant increase in cyanobacterial biomass which occur naturally in lakes and 
shallow seas when conditions are favourable (Stal et al., 1999). Under these conditions 
cyanobacteria experience fermentative conditions at night and both oxygen hypersaturation 
and low-oxygen conditions (due to the respiratory actions of heterotrophic bacteria) which 
result in oxidative stress during the day (Stal & Moezelaar, 1997; Gutekunst et al., 2014; 
Kopf et al., 2015).  
Cyanobacteria are able to produce fix nitrogen and produce useful commodities such as 
ethanol and H2 under fermentative, oxygen-limiting conditions, and many of the enzymes 
involved in these processes are oxygen-sensitive (Paerl & Prufert, 1987; Stal & Moezelaar, 
1997; Ghirardi et al., 2007). An understanding of the cyanobacterial response to low-oxygen 
conditions is therefore of relevance, both to understanding the considerable contribution of 
these organisms to the course of natural evolution and the mechanisms of oxygenic 
photosynthesis and their effect on human society now and in the future.  
1.6.2 Transcriptional response of Synechocystis 6803 to low-oxygen 
In Synechocystis 6803,a major component of the transcriptional response to low-oxygen 
involves the down-regulation of genes essential for growth, including ATP synthase, PBS 
components and protein synthesis machinery such as ribosomal subunits (Summerfield et al., 
2008; Summerfield et al., 2011). However, the expression of a number of genes is up-
regulated, including some involved in sensing and responding to environmental fluctuations, 
maintenance of cellular homeostasis, and regulatory, stress-response, transport and binding, 
and electron transport proteins (Summerfield et al., 2011).  
1.6.2.1 Up-regulated gene clusters 
The mRNA levels of five clusters of genes are specifically up-regulated in response to low-
oxygen (Fig.1.7). These include genes encoding: the NiFe bi-directional hydrogenase 





two-component regulatory system (sll0788-sll0790); oxygen-independent tetrapyrrole 
biosynthesis enzymes (sll1874-sll1876); and isoforms for core proteins of the PS II reaction 
centre and the cytochrome b6f complex (slr1181-slr1185) (Summerfield et al., 2008). The 
hoxEFUYH genes encoding the hydrogenase and diaphorase modules of the bi-directional 
hydrogenase (Hox) (sll1220-sll1126) are transcribed as a single polycistronic transcript, along 
with two ORFs of unknown function (Gutekunst et al., 2005; Oliveira & Lindblad, 2005). The 
expression of this transcript is up-regulated ~3 fold as a result of incubation in low-oxygen 
conditions in the light, and is regulated by the activities of at least two transcription factors, 
LexA and an AbrB-like protein encoded by sll0359; however, anoxia in the dark results in 
differential expression of the hoxE and hoxF diaphorase genes compared with hoxUYH, 
suggestion additional regulation by light and by unknown regulatory pathways (Oliveira & 
Lindblad, 2008; Summerfield et al., 2008; Kiss et al., 2009; Oliveira & Lindblad, 2011).  
 
Figure 1.7 Gene clusters up-regulated in response to low-oxygen conditions in Synechocystis 6803.  
Genes are displayed with their identifiers and gene name (if applicable). Small red arrows indicate non-coding 
RNA transcription. All genes are to scale and the size and arrangement is modelled on Kopf et al. (2014); 1 kb is 
indicated by the black line. The data listed beneath each gene is the fold change in expression after 1, 2 and 6 h 
in low-oxygen conditions relative to that observed at t0 (aerobic conditions) from Summerfield et al. (2008). 







The Flv2/Flv4 FDPs are encoded by the sll0217 and sll0219 genes which are in a 
polycistronic transcript with the sll0218 membrane adaptor protein. The expression of this 
operon in response to fluctuating CO2 levels is tightly controlled by the transcription factor 
NdhR and a set of antisense RNAs, which are in turn regulated by the AbrB-like 
transcriptional regulator sll0822, and its expression is also induced by high light (Zhang et al., 
2009; Eisenhut et al., 2012). Under transient incubation in low-oxygen conditions, expression 
of the Flv2/Flv4 operon is up-regulated ~2-4 fold, but this is not observed under prolonged 
growth at low-oxygen, nor was the up-regulation of the genes encoding Hox (Summerfield et 
al., 2008; Aoki et al., 2012). This suggests that the expression of both sets of proteins is up-
regulated as a response to fluctuating oxygen levels. The Flv2/Flv4 FDP heterodimer complex 
and Hox are thought to act as valves for excess electrons originating from PS II and PS I, 
respectively; their up-regulation may be a response to a low-oxygen induced oxidative stress 
on the photosynthetic ETC (Appel et al., 2000; Gutthann et al., 2007; Zhang etal., 2012).  
The chromosomal genes encoding the histidine kinase Hik31 and the response regulator 
Rre34 (sll0790 and sll0789, respectively) are in an operon with an ORF of unknown function 
(sll0788); transcript levels of sll0790 and sll0789 were up-regulated ~2-3 fold after 2 h 
incubation in low-oxygen conditions (Summerfield et al., 2008; Nagarajan et al., 2012). This 
two-component system senses environmental cues, and may detect fluctuations in either 
oxygen levels or the cellular redox state by an unknown mechanism using membrane-bound 
Hik31. The kinase module then phosphorylates a transcription factor (assumed to be Rre34), 
which binds DNA and regulates the expression of genes involved in respiration and 
photosynthesis, protein synthesis, and cellular homeostasis (Summerfield et al., 2011). Hik31 
also regulates the expression of genes involved in central metabolism in response to light and 
dark and the utilisation of exogenous carbon sources (Nagarajan et al., 2012). However, the 
up-regulation of the four remaining gene clusters induced under low-oxygen conditions 
appears to be regulated by Hik31-independent mechanisms.  
1.6.2.2 Oxygen–independent tetrapyrrole biosynthesis enzymes 
The genes sll1874, sll1875 and sll1876 (encoding the oxygen-independent tetrapyrrole 
biosynthesis enzymes, ChlAII, HO2 and HemN, respectively) are organised in an operon, and 
the expression of the polycistronic mRNA containing these genes is up-regulated in response 
to low-oxygen conditions in an effort to maintain the supply of Chl, heme and bilins 
(Summerfield et al., 2008; Aoki etal., 2012; 2014). These enzymes are part of the tetrapyrrole 





bilins) from glutamate by at least 19 enzymatic steps (Fig. 1.8) (Sobotka, 2014; Fujita et al., 
2015). The common core of this pathway extends to the synthesis of Protoporphyrin IX, after 
which dedicated pathways produce either Chl (beginning with the insertion of an Mg
2+
 ion by 
the Mg-chelatase enzyme) or heme (beginning with the insertion of a Fe
2+
 ion by Fe-
chelatase), which is in turn modified to form the bilin pigments (Jensen et al., 1996; Fujita et 




Figure 1.8 Tetrapyrrole biosynthesis pathways in cyanobacteria. Each arrow represents one enzymatic 
synthesis step and major biosynthesis intermediates are indicated. Enzymes operating under aerobic and low-




-derivative pathways are indicated. 






At least four of the enzymatic steps in this pathway require oxygen for catalysis, and low-
oxygen conditions induce the expression of an alternative set of biosynthesis enzymes, some 
of which can operate independently of oxygen; conversely, some of the low-oxygen induced 
enzymes are inactivated by oxygen (Peter et al., 2009; Yamamoto et al., 2009; Goto et al., 
2010; Yilmaz et al., 2010). The two sets of genes appear to be evolutionarily unrelated, and 
the oxygen-independent isoforms may be much older; cyanobacteria may have retained these 
genes from their original, anaerobic metabolism which was feasible in a primordial Earth 
atmosphere devoid of oxygen (Fujita et al., 2015). 
In aerobic conditions, the constitutively expressed monooxygenase HemF catalyses the 
decarboxylation of coproporphyrinogen IX to produce protoporphyrinogen IX in an oxygen-
dependent manner (Fujita et al., 2015). Under low-oxygen conditions, the radical S-
adenosylmethionine enzyme HemN (encoded by sll1876 in Synechocystis 6803) is induced 
and contributes to this reaction in place of HemF (Goto et al., 2010; Kim et al., 2015).  
The third dedicated step in the biosynthesis of Chl involves the oxidative cyclisation of the 
fifth isopentanone ring of Mg-protoporphyrin IX monomethylester (MPE) to produce divinyl 
protochlorophyllide, and is catalysed by MPE cyclase enzymes (Fujita et al., 2015). In 
Synechocystis 6803, ChlAI operates as the essential sole MPE cyclase in aerobic conditions, 
and the alternative, oxygen-independent ChlAII (encoded by sll1874) contributes to the MPE 
cyclase reaction under low-oxygen conditions (Minamizaki et al., 2008; Peter et al., 2009).  
The first dedicated step in the biosynthesis of phycobilin chromophores involves the opening 
of the heme macrocycle of protoheme to produce the linear phycobilin precursor biliverdin 
IXα, and is catalysed by the enzyme heme oxygenase (Aoki et al., 2011). Two homologous 
enzymes exist in Synechocystis 6803 which can catalyse this reaction: HO1 is constitutively 
expressed, while the expression of HO2 (encoded by sll1875) is up-regulated under low-
oxygen conditions (Yilmaz et al., 2010; Aoki et al., 2011). Both enzymes require oxygen for 
activity, but HO2 may have a higher affinity for oxygen, which helps it maintain activity 
under low-oxygen conditions (Fujita et al., 2015).  
The structure of the oxygen-independent tetrapyrrole biosynthesis operon and its induction in 
response to low-oxygen conditions is conserved across many cyanobacteria (Ludwig & 
Bryant, 2011; Fujita et al., 2015). The transcription of the chlAII-ho2-hemN operon was 
activated by the binding of ChlR, a MarR-type transcriptional regulator, in response to low-





with an oxygen-sensitive [4Fe-4S] cluster in its N-terminal domain, and is found in most 
cyanobacteria which have the oxygen-independent enzymes for tetrapyrrole biosynthesis; 
presumably, the protein is constitutively active in the absence of oxygen, while the presence 
of oxygen inactivates or destroys its iron-sulfur cluster and prevents the activation of 
transcription of its target genes (Ludwig et al., 2014). ChlR homologues appear to be 
especially important for maintaining energy supply and (heme-requiring) respiratory activity 
in non-heterocystous, diazotrophic cyanobacteria; an increase in respiratory activity may be a 
mechanism to reduce oxygen levels in the cell in order to protect the oxygen-sensitive 
nitrogenase (Weare & Benemann, 1974; Peschek et al., 1991; Tsujimoto et al., 2014).  
1.6.3 The low-oxygen cluster 
In Synechocystis 6803, ChlR was also shown to bind to a region of DNA upstream of psbA1 
(slr1181) and induce expression of this gene under low-oxygen conditions (Aoki et al., 2012; 
2014). Expression of the psbA1 mRNA is up-regulated ~3.6 fold after 6 h incubation under 
low-oxygen conditions, and the mRNA levels of a cluster of five genes located downstream 
are also increased ~1.5-2.7 fold; whether or not this ‘low-oxygen cluster’ (LOC) of co-
transcribed genes is an operon is unclear (Summerfield et al., 2008). The four genes 
immediately downstream of psbA1 are annotated as encoding hypothetical proteins, and little 
is known about their function: slr1182 encodes a 170-amino acid hypothetical protein, which 
has homology to putative S-isoprenylcysteine methyltransferases in other cyanobacteria; 
slr1183 encodes a 194-amino acid hypothetical protein, homologous to cyanobacterial 
methyltransferases; slr1184 encodes a 164-amino acid hypothetical protein with homology to 
rhodanese-domain-containing proteins involved in the biogenesis of iron-sulfur centres  
(Pagani et al., 1984); and ssr1966 encodes a 64-amino acid hypothetical protein with 
homology to aconitate hydratases.  
1.6.3.1 The PetC2 isoform of the Rieske ISP 
The last gene in the LOC is petC2 (slr1185) which encodes an isoform of the Rieske ISP, one 
of four core proteins of the cytochrome b6f complex. In a similar manner to the psbA genes, 
the genomes of most cyanobacteria contain a small gene family encoding two or more 
functionally expressed isoforms of the Rieske ISP (Ehira et al., 2003; Kallas et al., 2011). The 
genes for three isoforms are present in Synechocystis 6803, all of which contain the two [2Fe-
2S] cluster binding motifs characteristic of Rieske ISPs (Schneider et al., 2002; Kallas et al., 
2011). The dominant isoform is encoded by petC1 (sll1316), and has 44% amino acid 





et al., 2004). The midpoint redox potential of the PetC1 protein is +320 mV, which is 
sufficient to oxidise plastoquinone-9, and PetC2 is predicted to have a similar redox potential 
due to conserved amino acid sequences around the cluster-binding areas (Schneider et al., 
2002). An 8 amino acid linker region between the N-terminal transmembrane helix and 
soluble cluster-binding domain of the Rieske ISPs acts as a flexible hinge, allowing a large 
amplitude motion to mediate high-potential electron donation from plastoquinol to 
cytochrome f (Fig. 1.9) (Yan & Cramer, 2003; Kallas et al., 2011). In PetC1, this hinge region 
is glycine-rich; however, in PetC2 a glutamine and a lysine residue are present; this region in 
the cytochrome b6f complex is less functionally sensitive to substitutions than its cytochrome 
bc1 complex counterpart, yet these substitutions in PetC2 may diminish flexibility and impair 
electron transport in putative PetC2-containing complexes (Yan & Cramer, 2003; Schneider 
et al., 2004; Kallas et al., 2011).  
 
 
Figure 1.9 Crystal structure of the cytochrome b6f complex monomer from Nostoc sp. PCC 7120 at 2.7 Å. 
The Rieske ISP is shown in cyan, and its [2Fe-2S] cluster is shown as black spheres; all other protein subunits 
are shown in grey. The three heme groups are shown as red sticks. The side-chains of a stretch of amino acids 








The expression of functionally distinct isoforms of the Rieske ISP may be a strategy by 
cyanobacteria to adapt their ETCs to changing environmental conditions (Schneider & 
Schmidt, 2005). Exposure to high light intensities resulted in an increase in petC2 transcript 
levels similar to that observed in response to low-oxygen conditions, around ~2-4 fold; 
expression of this gene is also known to be increased ~14 and ~128-fold in response to 
treatment with zinc and hydrogen peroxide, respectively (Houot et al., 2007; Tsunoyama et 
al., 2009). Therefore it seems that oxidative stress conditions – in which the turnover of the 
cytochrome b6f complex is impaired, resulting in over-reduction of the PQ pool – result in the 
induction of petC2 expression (Kallas et al., 2011). Indeed, under high light conditions PetC2 
is involved in photoprotective regulatory processes, and the ratio of LEF:CEF was decreased 
considerably in its absence (due to an up-regulation of cyclic electron transport) (Tsunoyama 
et al., 2009).  
A third homologous gene in Synechocystis 6803, petC3 (sll1182), encodes an unusual Rieske 
ISP with 34% amino acid sequence identity to PetC1, and a truncated N- and C-termini and 
lower molecular weight. PetC3 retains the conserved Cys and His residues which ligate the 
[2Fe-2S] cluster but has amino acid substitutions in other residues of the cluster binding 
motifs; as a result it has a reduced midpoint redox potential of +135 mV, which is insufficient 
to oxidise plastoquinone, but may be sufficient to oxidise a menaquinol such as phylloquinone 
(Johnson et al., 2000; Schneider et al., 2002). The core components of the cytochrome b6f 
complex are localised in the thylakoid membrane; however, PetC3 is detected in the 
cytoplasmic membranes; considering also its unusual biochemical characteristics, it is clear 
that this protein is not a component of a classical cytochrome b6f complex (Aldridge et al., 
2008; Schultze et al., 2009). Nevertheless PetC3 may contribute to the cellular response to 






1.7 Aims of the current investigation 
The primary focus of this investigation was to determine the role of psbA1 and the genes of 
the LOC in the response of the model cyanobacterium Synechocystis 6803 to low-oxygen 
conditions. The role of psbA1-encoded D1ʹ protein and D1ʹ-containing PS II reaction centres 
in the biochemistry and physiology of Synechocystis 6803 was analysed in depth in both low-
oxygen and aerobic conditions. The scope of this project included physiological and 
biochemical analyses at the transcript, protein, and functional levels. 
The first part of the project involved an investigation into the effects of low-oxygen 
conditions on the physiology of Synechocystis 6803, and on the transcriptional regulation of 
the LOC. In addition, the roles of the D1ʹ and PetC2 proteins in modulating photosynthetic 
electron transport under low-oxygen conditions were analysed. It was hypothesised that this 
effort would contribute to our understanding of the regulation of the photosynthetic electron 
transport in response to fluctuating environmental conditions.  
The second part of this project involved a characterisation of the regulation, electron transport 
characteristics and assembly and repair of D1ʹ-containing PS II reaction centres. Mutant 
strains of Synechocystis 6803 containing constitutive or inducible psbA expression systems 
are constructed and utilised in parallel to explore this process and its significance. Assembly 
of the reaction centres and the proteome of the thylakoid membranes in these strains are 
characterised using BN-PAGE and 2D gel electrophoresis. In addition, the physiological 
characteristics of the mutant strains and electron transport properties of the D1ʹ-containing PS 
II centres are analysed under both low-oxygen and highlight conditions.  
In addition, this work will describe the serendipitous discovery and characterisation of the 
first known in vivo point mutation of a key enzyme in the Chl biosynthesis pathway. It is 
hoped that the mutant strains created in this work will serve as a platform to explore the 






Chapter Two: Materials and Methods 
2.0 Oligonucleotides 
Molecular biology strategies, constructs and oligonucleotides were designed using Geneious 
versions 5.2 and above (Biomatters Ltd, New Zealand; Kearse et al., 2012). Primer 
characteristics were checked and PCR reactions simulated using Amplify version 3.0. 
Oligonucleotides were then synthesised by either Sigma-Aldrich (Singapore) or Integrated 
DNA Technologies (Singapore).  






 RT-PCR  
psbA1-RTf GGATTACAGGAACAAAGC 1 
psbA1-RTr AGAACCAGCAATGGGCTCCCGAA 2 
petC2-RTf GCACCAGGGCTTTAGTGG 3 
petC2-RTr GTGGGTACAACTATCAACATGC 4 
ho2-RTf GCTCACCGATCGCCGCTTTG 5 
ho2-RTr CAATTGCCGGAGGGAGAGGGC 6 
rnpB-RTf TGTCACAGGGAATCTGAGG 7 
rnpB-RTr GAGAGAGTTAGTCGTAAGC 8 
p4 TTCCACTGATTGGTGGCAAG 9 
p5 TTACGACCTTCTCCTTCTGC 10 
p6 TGAATTCAGCAAGGGAGGAG 11 
p7 CTACCTTAGTGGATGTGAGG 12 
p8 AGACCAAGATAGAGCAGAGC 13 
p8b ATGGAACCCATCTTAGTAGCC 14 
p9 TGATCATTGCCATTCCAGGG 15 
p9b ATCGCCTGTGTGTTATCCATG 16 
p10 TCAGCTCTGCTCTATCTTGG 17 
Pf TCCGACGAAATCTTCCTTTGTGC 18 
Pr TTTGGGAAGCAGGGATGGGG 19 




 Northern blot probes  




slr1182 RP-F CTGTTTTTTGGCATGATTG 24 
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slr1182 RP-RT7 CTAATACGACTCACTATAGGGAGATGGGTCAAACTCCATTGCCA 25 
slr1184 RP-F ACTCAAACAATGGATTTGGCG 26 
slr1184 RP-RT7 CTAATACGACTCACTATAGGGAGATATGGCTTAAAGTCCGCAA 27 
petC2 RP-F TTACTCAACTTTTTAGC 28 
petC RP-RT7 CTAATACGACTCACTATAGGGAGACCAGCCACTAAAGCCCTG 29 
rnpB RP-F TCTGGTAAGGGTGCAAAGGTG 30 
rnpB RP-RT7 CTAATACGACTCACTATAGGGAGAGAGAGAGTTAGTCGTAAGC 31 
 Colony PCR  
up_psbA1f AATGCCCTCGATCAACCCT 32 
dn_psbA1r TTGGCTAAACCGACCGAAGA 33 
up_psbA2f AACCGCCAGGTAAACTCTTC 34 
dn_psbA2r CCATTCCAGTTCCCGTAGTTGT 35 
up_psbA3f CCTTAATTAAGCCCGCCTGTTC 36 
dn_psbA3r CAACTGTGGCAGGCATGAAT 37 
 qRT-PCR  
rnpB-qF GCACCAGCAGTATCGAGAGG 38 
rnpB-qR AATTCCTCAAGCGGTTCCAC 39 
slr1181_qF GCTTTGTTTGCCGCTATG 40 
slr1181_qR TTGTAGGTTTCTTCCTCTTGACC 41 
slr1182_qF GCAAACAATTCTCTCCGTTG 42 
slr1182_qR GTACCAGCCCAGGCAATC 43 
slr1183_qF TCCAGAACAATTACAATACAACACC 44 
slr1183_qR TCAAACTCGGCAATTCACTC 45 
slr1184_qF TCCCTTGCGGACTTTAAGC 46 
slr1184_qR AACGGTAGCCAGTGGAACAG 47 
slr1185_qF GCACCAGGGCTTTAGTGG 48 
slr1185_qR GTGGGTACAACTATCAACAATGC 49 
ssr1966_qF TAGCCTGGGACTTGGACTTAC 50 
ssr1966_qR TGCCGAGCAATTTATACAGC 51 
 ∆psbA1 strain construction  
dpsbA1tc-lff GAGGATCCCCGTCATAGGACACCAAAGAATCG 52 
dpsbA1tc-lfr GCAATGGCACTAGGGTAAACCATCGGAGAAAG 53 
dpsbA1tc-rff TGGTTTACCCTAGTGCCATTGCCATAACTGC 54 
dpsbA1tc-rfr GCTCGGTACCCGCAAAAAATGGAAACAATGC 55 
dpsbA1tc-pUC19f CATTTTTTGCGGGTACCGAGCTCGAATTCAC 56 
dpsbA1tc-pUC19r GTCCTATGACGGGGATCCTCTAGAGTCG 57 
 ∆petC2 strain construction  
petC2F1 CGGGGGATAGCACGGGGAAAAC 58 
petC2F2 ATGGCACAGCGCACTCGGTTAG 59 































 strain construction  
LOC-F1 AATGGGTCGATGGAGGGTCA 68 
LOC-F2 ACTTCCTGTTGCTTCTAGG 69 
 pA1::psbA2 strain construction  
pA2-lff TACCGCTGGAATATTGAT 70 
pA2-lff2 AGGATCAAAAACATCCTCCACAATGC 71 
pA2-lfr TCGTTGTCATAGCGAATAATTACGAAG 72 
pA2-psbA2f ATTATTCGCTATGACAACGACTCTCCAACA 73 
pA2-psbA2r TCAATCACCGTTAACCGTTGACAGCAGGA 74 
pA2-rff CACTAAGCACTGCCATTGCCATAACTGCTT 75 
pA2-rfr AATGCCTTCCCAGGCATCCG 76 
pA2-rfr2 CCTGGGCTAATTGTTTTGCTTTGGCT 77 
pA2-specf CAACGGTTAACGGTGATTGATTGAGC 78 
pA2-specr GGCAATGGCAGTGCTTAGTGCATCTAACG 79 
 pA2::psbA1 strain construction  
pA1-lff AGTCGTAGCGTCCCCATGGC 80 
pA1-lff2 AAAGGTAGAAGTTCGG 81 
pA1-lfr TAGTAGTCATTTGGTTATAATTCCTTATGT 82 
pA1-psbA1f TTATAACCAAATGACTACTACCCAATTA 83 
pA1-psbA1r TCAATCACCGTTAACTTTAACCTTGGACC 84 
pA1-rff CACTAAGCACTTCCTTGGTGTAATGCCAAC 85 
pA1-rfr ATGTCCGGCATGGTCAG 86 
pA1-rfr2 TCTAAGGGAGGTGGTAGAGTTGC 87 
pA1-specf TTAAAGTTAACGGTGATTGATTGAGCAAG 88 
pA1-specr CACCAAGGAAGTGCTTAGTGCATCTAACGC 89 
 Comp-psbA1 strain construction  
up-slr2031f TCTAGAGATCAAACCGCTGTGGCG 90 
dn-slr2031r TAACCGTTGCCAATCCCGTT 91 
ChlR-F-Spe1 AAAATACTAGTATCACGAGGCCCTTTC (Spe1) 92 
ChlR-R-10Spe1r CTTCCACTAGTCAATAAACCGGTAAAC (Spe1) 93 
psbA1-ChlR_Bcl1f TCGATCAACCTGATCATGGCGGCGGAAAC (Bcl1) 94 
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psbA1-ChlR_Bcl1r CAGCAATGATCATAAGCGGCTATTTAACGA (Bcl1) 
 
95 




slr1055r GAAACCACCGCATCCACA 97 
sll0750f AACTTCAATAAAATGTTCC 98 
sll0750r ACACCCTGTCTTTAAAAGCCG 99 
slr1204f CTGTCATACTCGTCCCCT 100 
slr1204r TTACTGTCACTTCATCGGC 101 
slr1609f AGTGCCTACATTGACCAGA 102 
slr1609r TATTTACCCCACCGCCTT 103 
sll0154f AGGTAAACGGGATGGGAA 104 
sll0154r AAATTGTCGTAGTGGGGG 105 
slr2034f CGGTGAACCAATGATGAATCC 106 
slr2034r AACCATGATATTGTGTGGCGG 107 




hik8c-lfr CGCGGAACCCTATGGTCATGGTCTGCTCAT 109 
hik8c-chlf CATGACCATAGGGTTCCGCGCACATTTC 110 
hik8c-chlr ATCGTTGACACGTCAATTATTACCTCCACG 111 
hik8c-rff ATAATTGACGTGTCAACGATCAGGGGGCAT 112 
hik8c-rfr GGCCTCCGCCTGCGTCTTA 113 







dslr0168-specf TTCAATACACCTCTTCCGATCTCCTGAAGCTTGGGC (HindIII) 116 
dslr0168-specr CTCCTCCGCCTACTTCGCCAACTATTGC 117 
dslr0168-rff TTGGCGAAGTAGGCGGAGGAGACCTAGATTTCG 118 
dslr0168-rfr TTACGCTTCCATCTCACTA 119 
dslr0168-lff2 TCAAAACGGAAGAGTTATTGGC 120 
dslr0168-rfr2 AACTACCGATGGAACTAACCTGC 121 
ChlH_Hindf TGTTCTTTAAGTTAAGCTTTG (HindIII) 
 
122 
ChlH_Hindr TACCATTAGTTTTAAGCTTAGCAC (HindIII) 123 
dchlHc-lff AGTCCCCGTCAGGGTTAG 124 
dchlHc-lfr TGAACTGCAGATAAGTGGTGTTCTCCTAAA 125 
dchlHc-chlrf CACCACTTATGGGTTCCGCGCACATTTC 126 
dchlHc-chlrr TTAGTTCAGGCGTCAATTATTACCTCCACG 127 
dchlHc-rff ATAATTGACGCCTGAACTAAGATATAGGGG 128 





dchlHc-lff2 TCACTCAGAAACAAATATGC 130 
dchlHc-rfr2 GGATTCATCATCAAATAGTAATGC 131 
a 
Special features or restriction sites are underlined and defined in parentheses after the sequence. 
b
 Where appropriate, primers are referred to by their Ref # in figures in the results chapters of this thesis.  
2.1 Cultures 
2.1.0 General techniques and solutions 
Standard microbiological sterile techniques were used in this study in addition to the use of a 
laminar flow hood where possible. All solutions were made with distilled, deionised ultrapure 
water from a Millipore Milli-Q Plus

 water system (Millipore, MA, USA) with a maximum 
resistivity of 18.2 MΩ at 25⁰C, and autoclaving was performed at 15 psi for 20 min. All 
percentage measurements are weight/volume unless stated otherwise. 
2.1.1 Synechocystis 6803 
The cyanobacterial strain used as the basis for this investigation was wild-type Synechocystis 
sp. PCC (Pasteur Culture Collection) 6803, subtype GT-O1, hereafter referred to as 
Synechocystis 6803. A slightly divergent wild-type, GT-O2, was also utilised; see Chapter 
Seven (Morris et al., 2014). Both of these strains were derived from the glucose-tolerant 
Williams strain (Williams, 1988). All mutant strains were constructed in these backgrounds.  
2.1.2 Media 
BG-11 (100x without iron, phosphate or carbonate):1.76 M NaNO3; 30.4 mM MgSO4.7H20; 
2.86 mM C6H8O7 (citric acid); 0.22 mM NaEDTA (pH 8.0); 10% (v/v) trace minerals.  
Trace minerals: 42.26 mM H3BO3; 8.9 mM MnCl2.4H2O; 0.77 mM ZnSO4.7H2O; 0.32 mM 
CuSO4.5H2O; 0.17 mM Co(NO3)2.6H2O 
BG-11 liquid medium: 1 x BG-11 (without iron, phosphate or carbonate); 6 g.mL
-1
 ferric 
ammonium citrate; 20 g.mL
-1
 NaCO3; 30.5 g.mL
-1
 K2HPO4 
Antibiotics: Added to both solid and liquid media at a final concentration of 15 g.mL
-1
 for 
chloramphenicol (dissolved in ethanol); 25 g.mL
-1
 for kanamycin (dissolved in ultrapure 
water and filter sterilised); 25 g.mL
-1
 for spectinomycin (dissolved in ultrapure water and 
filter sterilised). 
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2.1.3 Growth and maintenance of Synechocystis 6803 strains 
Synechocystis sp. PCC 6803 strains were maintained on BG-11 solid media plates (1.5% agar) 
containing 5 mM glucose, 10 mM TES-NaOH (pH 8.2), 0.3% sodium thiosulfate, 20 M 
atrazine and appropriate antibiotics. Cultures were maintained under constant temperature 




 warm white light, provided by fluorescent 
lamps) in a dedicated growth room (hereafter known as standard growth conditions) and were 
re-streaked every 3-4 weeks as appropriate (Eaton-Rye, 2004). Liquid cell cultures were 
generally grown in BG-11 media in modified Erlenmeyer conical flasks under standard 
growth conditions with constant aeration provided by an aquarium pump, bubbled through 
sterile water (to humidify the air and negate evaporation) and a Millex – FG50 sterile air filter 
apparatus (Millipore, MA, USA) (Eaton-Rye, 2011). All media and culture vessels were 
autoclaved at 15 psi for 20 min prior to use. 
 
For experiments, 150 mL of BG-11 media was supplemented with 5 mM glucose and 
appropriate antibiotics and inoculated with cells scraped from a 1-3 week old plate to form a 
starter culture. The starter cultures were then incubated in standard growth conditions 
(without aeration) for approximately 16 h, after which aeration was initiated as described. 
For most physiological experiments, starter cultures were grown to mid-exponential phase 
(OD730 nm of 0.6-1.0) in standard conditions and 50 mL harvested by centrifugation at 2760 g 
for 7 min at room temperature. Cells were re-suspended by vortexing in ~5 mL fresh BG-11 
(buffered with 25 mM HEPES and adjusted to pH 7.5 with 10 M NaOH prior to autoclaving), 
topped up to 50 mL with BG-11 (pH 7.5) and centrifuged again. This wash was repeated and 
the OD730 nm of the re-suspended cells was spectrophotometrically determined. 400 mL BG-11 
(pH 7.5), plus appropriate antibiotics, was inoculated with washed cells to an OD730 nm of 
0.05-0.2, depending on the strain and experiment; as almost all of the strains in this work 
were capable of photoautotrophic growth, glucose was generally omitted from cultures for 
physiological experiments. Cultures for physiological experiments were grown to mid-
exponential phase in standard growth conditions, harvested by centrifugation, and washed and 
re-suspended in fresh BG-11 (pH 7.5) using clean cotton swabs. The Chl a concentration of 
the re-suspended cells was determined as in 2.6.2. These cells were then used to inoculate 
fresh BG-11 (pH 7.5) in appropriate vessels (generally 100 mL Erlenmeyer flasks) to a final 
Chl a concentration of 2.5-10.0 μg.mL-1. Cells were incubated in standard, aerobic conditions 





For long-term storage, 50 mL of liquid culture was harvested by centrifugation and re-
suspended in 2 mL BG-11/15% glycerol (v/v). One millilitre was transferred into each of two 
labelled 1.5 mL microfuge tubes and stored at -80C.  
2.1.4 Transformation 
Starter cultures were grown as in 2.1.3 to mid-exponential phase, then diluted and allowed to 
re-grow to an OD730 nm of no more than 0.4. Cells were harvested by centrifugation and gently 
re-suspended in BG-11 to a concentrated OD730 nm of 2.5. Five hundred microlitres of cells 
were placed in a sterile Falcon tube along with up to 5 µg of PCR product or plasmid DNA 
and incubated for 6 h under standard growth conditions; no induction was necessary as 
Synechocystis 6803 will naturally take up foreign DNA. After 6 h, 200 µL of transformed 
cells were dotted onto sterile Whatman Nucleopore

 0.22 μm track-etch filters placed on BG-
11 solid plates containing 5 mM glucose and 20 μM atrazine but no antibiotics. These cells 
were then allowed to recover for 18 h under standard growth conditions, after which filters 
and cells were transferred to fresh BG-11 plates containing glucose, atrazine and appropriate 
selective antibiotics. Plates were incubated under standard growth conditions until colonies of 
transformants appeared. Colonies were picked and re-streaked for successive generations until 
complete segregation of the chromosome could be verified by colony PCR (refer 2.3.3) 
(Eaton-Rye, 2011).  
 
A variation on this technique was utilised when constructing secondary mutants using the 
sacB markerless deletion system (Cai & Wolk, 1990; Viola et al., 2014). The initial 6 h 
transformation step was performed, in the absence of antibiotics, after which 1 mL of BG-11 
was added to the transformation mixture which was then incubated for a further 5 days under 
standard conditions. Cells were then spread directly onto fresh BG-11 plates containing 
glucose, atrazine and 5% sucrose and incubated under standard conditions until colonies of 
transformants appeared. Segregation was normally complete after 1 or 2 re-streaks on 
sucrose-containing media.  
2.1.5 Low-oxygen culturing 
2.1.5.1 Photobioreactor 
A number of different methods were used to incubate Synechocystis 6803 cultures at low 
oxygen levels. The primary system was an FMT-150 photobioreactor (Photon System 
Instruments, Czech Republic) equipped with a Mettler-Toledo InPro6800 oxygen electrode 
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(Germany) (Nedbal et al., 2008). From starter cultures, physiological cultures were grown 
photomixotrophically (for the low-oxygen experiments with the WT, pA1::psbA1 and 
pA1::psbA2 strains) or photoautotrophically (all other experiments) to mid-exponential phase, 
in standard, aerobic conditions, and harvested by centrifugation. Cells were washed with BG-
11 (pH 7.5) to remove extracellular debris and/or glucose, inoculated into the photobioreactor 
culture vessel (containing 400 mL BG-11 (pH 7.5)) at varying densities depending on the 
experiment, and incubated for at least an hour before initiating the pre-defined experimental 
protocols.  
Cells were maintained at 30⁰C using a Peltier thermoelectric device in the base of the culture 





depending on the experiment. Upon initiation of the experimental 
protocol, given parameters (such as illumination) were maintained at given levels or 
manipulated automatically; other parameters were automatically measured at given time 
intervals and recorded by a connected personal computer. These included pH and temperature 
(measured by an immersed pH/temperature electrode), levels of O2, optical density at both 
680 and 735 nm (measured by an integrated online densitometer), and Chl fluorescence 
(measured by an integrated double-modulation fluorometer). Aeration was provided by 
aquarium pumps as under standard growth conditions and supplemented with 1% CO2. For 
low-oxygen experiments, the cultures were bubbled with a 99% N2: 1% CO2 gas mix, 
maintained by gas flow microcontrollers at a rate of at least 2 L.min
-1
. Low-oxygen conditions 
were verified using an oxygen electrode (Mettler-Toledo InPro 6800, Germany) and were 
maintained at >2% of atmospheric oxygen levels. A bubble interruption valve diverted the 
flow of gas temporarily to reduce noise during the parameter measurements. Cells for 
physiological measurements were sampled directly from the photobioreactor culture vessel, 
using a syringe connected to the luer fittings. 
2.1.5.2 Anaerobic chamber 
To analyse multiple strains simultaneously under low-oxygen conditions, a rigid anaerobic 
glovebox was utilised (Coy Laboratory Products, USA). To achieve low-oxygen conditions 
the chamber was purged for at least 1 h with N2 and 30 min with 99% N2: 1% CO2, and O2 
levels verified and monitored using a calibrated Oxygraph Plus Clark-type oxygen electrode 
(Hansatech, UK) open to the chamber atmosphere. The temperature was maintained at 30⁰C 
and a homogenous distribution of gas within the chamber atmosphere ensured by using a fan 









white-blue mixed LEDs (SolarOasis, USA) and liquid cultures were de-oxygenated by re-
circulating the chamber atmosphere through the cultures using aquarium pumps.  
2.1.6 Highlight culturing 
For high-light experiments, photoautotrophic cultures were incubated in a Panasonic MLR-
351H Plant Growth chamber (Yokohama, Japan) at 30⁰C and bubbled with air. Constant cool 





2.1.7 Other culturing methods 
In certain experiments, cultures incubated in standard growth conditions were bubbled 
directly with 99% N2: 1% CO2 at rates of 2-8 L.min
-1 
to achieve low-oxygen conditions. This 
includes the large 2 L cultures used for thylakoid extraction, which were incubated 
photomixotrophically in custom culture tubes (S.A. Jackson & J.J. Eaton-Rye, 2015 
(submitted)).  
2.2 Eschericia coli 
The E. coli strain used as the primary host for the molecular biology techniques in this study 
was DH5α (Sigma-Aldrich, St. Louis, MO, USA). 
2.2.1 Media 
Lysogeny Broth (LB): 1% bactotryptone, 0.5% yeast extract, 0.1% NaCl, 1.5% agar added to 
form solid media.  
SOC: 2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 
mM MgSO4 and 20 mM glucose. 
Antibiotics: Where appropriate, both solid and liquid media was supplemented with 
antibiotics at the following concentrations: ampicillin: 50 μg.mL
-1







; spectinomycin: 50 μg.mL
-1
. For blue-white colony 
screening, solid media was supplemented with 0.5 mM isopropyl β-D-1-




2.2.2 Preparation and transformation of competent cells 
Competent DH5α were prepared by the heat-shock method, snap-frozen and stored at -80°C 
in 200 μL aliquots until required (Hanahan, 1983). Transformations were carried out in 
chilled 1.5mL microfuge tubes with 100 μL of cells and ~10 μL of DNA. Cells were 
incubated on ice for 20 min in the presence of the DNA to be transformed, then heat shocked 
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at 42°C for 50 s followed by 3 min chilling on ice before addition of 800 μL sterile SOC 
media. Cells were then incubated at 37°C for 45 min on a rotating platform to allow recovery. 
200 μL of transformed cells was then plated onto LB plates containing the appropriate 
antibiotics; for blue-white screening of successful transformants, IPTG and X-gal were also 
added to these plates. In some cases the transformed cells were concentrated by centrifugation 
at 13,200 g followed by re-suspension in 200 μL SOC. Typically a transformation efficiency 




 DNA was achieved; determined by transformation of 1 ng of pGEM-T 
Easy (Promega, USA). 
2.3 Molecular Biology 
2.3.1 Genomic DNA Isolation 
Genomic DNA was isolated from 50 mL liquid culture of Synechocystis 6803 grown to mid-
exponential phase (OD730 of ~0.8), harvested by centrifugation and washed twice with 5M 
NaCl to remove extracellular polysaccharides. Pellets were re-suspended in TE buffer and 
incubated for 1 h at 37⁰C in the presence of 10 mg.mL-1 (final concentration) lysozyme 
(Sigma-Aldrich, USA) before addition of a 50 mM EDTA stop solution. Proteins were 
removed from the cell lysates by incubating with 0.5 mg.mL
-1
 proteinase K (Roche, 
Germany) and 0.5% SDS at 37⁰C for 1 h followed by addition of 1/6th volume 5M NaCl. A 
1/8
th
 volume of a solution containing 0.7 M NaCl and 10% cetyltrimethylammonium bromide 
(CTAB) was then added and the mixture incubated at 65⁰C for 10 min. To remove cellular 
debris, the lysates were centrifuged at 10,000 g for 10 min and the supernatant transferred to a 
new tube. Nucleic acids were extracted with a 1:1 phenol:chloroform wash for 30 min, 
followed by a 5 min, 5,000 g centrifugation step, and transferred to a new tube. DNA was 
precipitated with ice-cold 95% ethanol and pelleted at 10,000 g for 5 min. To remove 
contaminating RNA, pellets were re-suspended in TE buffer and incubated at 37⁰C for 30 min 
in the presence of 40 μg.mL
-1
 RNase A (Roche) followed by a series of 1:1 
phenol:chloroform extractions, where each extraction consisted of a 5 min continuous 
inversion step followed a 5 min centrifugation, repeated until the phase interface was clear. 
DNA was precipitated in 2x volume of 95% ethanol and 1/10
th
 volume 3M sodium acetate pH 
5.2 at -20⁰C for 1 h. Genomic DNA was pelleted at 12,000 g and 4⁰C for 10 min, followed by 
a wash with cold 70% ethanol and dried on a 37⁰C heat block for 10 min before being finally 
re-suspended in 200 μL TE buffer.  





2.3.2 Spectroscopic quantification 
Nucleic acids were quantified by a Nanodrop ND-2000 UV-Vis spectrophotometer (Biolab 
Ltd, USA) using 1.5 μL of sample.  
2.3.3 Polymerase chain reaction (PCR) 
Standard PCR: Several variants of PCR were utilised in this study. Standard PCR 
amplification reactions were performed as per manufacturer’s instructions in a 25 μL volume 
containing 2.5 μL 10x buffer, 0.75 μL 50 mM MgCl2, 0.5 μL 10 mM dNTPs, 0.5 μL of each 
primer at a concentration of 10 μM, 1 μL template DNA, sterile ultrapure water to a total 
volume of 24.8 μL and 0.2 μL Platinum Taq polymerase (Invitrogen, USA). Template DNA 
was diluted prior to addition to attain a final concentration in the PCR reaction of 200-1000 
pg (for a genomic DNA template) or 100-500 pg (for a plasmid DNA template). All PCR 
reactions were carried out using an MasterCycler Gradient thermal cycler (Eppendorf, 
Germany). Typically 30 cycles of amplification were performed using empirically determined 
annealing and extension parameters; the denaturation temperature was usually 94⁰C and the 
extension temperature 72⁰C; see Table 2.2. 
 
Hi-fidelity PCR: To avoid introducing undesired mutations, hi-fidelity enzymes with proof-
reading ability, such as Phusion, were used for most cloning amplification reactions. 
Reactions were performed as per manufacturer’s instructions in a 25 μL volume and 
contained 5 μL 5x HF buffer, 0.5 μL 10 mM dNTPs, 1.25 μL 10 μL each primer, 1 μL 
template DNA, sterile Ultrapure water up to a volume of 24.75 μL and 0.25 μL Phusion Hot 
Start II Polymerase (New England Biolabs, USA). The denaturing temperature used for these 
reactions was 98⁰C.  
Touch-down PCR: This technique utilised the same reaction mixture and PCR programme as 
standard PCR except that the annealing temperature was decreased by 1⁰C per cycle for the 
first 15 cycles (e.g. from 65⁰C to 50⁰C), then set at an intermediate temperature (e.g. 58⁰C) 
for the remaining 15 cycles. 
Colony PCR: Complete segregation of Synechocystis 6803 mutant strains and successful 
transformation of E. coli cells was verified by amplifying PCR products directly from whole 
cells. Standard PCR conditions were used for these reactions, except that instead of template 
DNA, a 1 μL addition of ~50 bacterial colonies diluted in 50 μL of Ultrapure water was 
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added. The initial denaturation period of the PCR reaction was also extended to 10 min to 
ensure lysis of the cells.  
Table 2.2 Thermal cycling protocols for PCR 
 Standard Hi-fidelity Touchdown Colony 
 Temp Time Temp Time Temp Time Temp Time 
Initial denaturing 94⁰C  02:00 98⁰C  02:00 94⁰C  03:00 94⁰C  10:00 
Phase one: 15 cycles         
Denaturing 94⁰C  00:30 98⁰C  00:10 94⁰C  00:30 94⁰C  00:30 
Annealing
a                                 
50-65⁰C  00:45       50-65⁰C 00:25     50-65⁰Cb 00:45         50-65⁰C 00:45 
Extension 72⁰C     01:00/kb 72⁰C  00:30/kb 72⁰C     01:00/kb 72⁰C    01:00/kb 
Phase two: 15 cycles         
Denaturing 94⁰C  00:30 98⁰C  00:10 94⁰C  00:30 94⁰C  00:30 
Annealing 55⁰C  00:45 55⁰C  00:25 50⁰C  00:45 55⁰C  00:45 
Extension 72⁰C  01:00/kb 72⁰C  00:30/kb 72⁰C     01:00/kb 72⁰C    01:00/kb 
Phase three         
Final extension 72⁰C  02:00/kb 72⁰C   01:00/kb 72⁰C     02:00/kb 72⁰C    02:00/kb 
a 
Annealing temperatures were empirically determined. 
b
 Annealing temperature for touchdown decreased by 1⁰C per cycle of phase one. 
2.3.4 Gel electrophoresis 
PCR products were routinely visualised by size fractionation on gels containing 1% agarose 
and 0.25 μg.mL
-1
 ethidium bromide in 1x TAE buffer. Typically, 5 μL of sample was mixed 
with 1 μL of 6x DNA loading buffer, loaded onto the gel and run at 90 V for 45 min. 3 μL of 
1 kb Plus DNA Ladder (Invitrogen, USA) was loaded and run for size approximation and 
PCR reactions were consistently set up to include both positive and negative controls. Gels 
were visualised and documented using a UV transilluminator and Molecular Imaging 
software (Kodak, USA). 
50 x TAE buffer: 2M Tris, 1M acetic acid, 50 mM EDTA 
6x DNA Loading buffer: 1.5% bromophenol blue, 1.5% xylene cyanol FF, 30% glycerol 
 
2.3.5 Restriction digests 
Restriction enzymes were obtained from either Roche (Germany) or New England Biolabs 
(USA). Reactions were performed according to manufacturer’s instructions in 25 μL final 
volume containing 2.5 μL 10x buffer and 0.5-4.0 μg of DNA, depending on the application. 
Typically, 0.5 μL or 1 unit restriction enzyme was used per microgram of DNA, and reactions 





2.3.6 DNA purification 
PCR products and restriction digested DNA was routinely purified from reaction mixtures 
using PureLink spin columns (Invitrogen, USA) as per the manufacturer’s instructions. DNA 
was eluted into a final volume of 30 μL and quantified.  
2.3.7 Ligation preparation 
Blunt-ending: Digested DNA fragments were blunt-ended using 1 unit T4 DNA Polymerase 
(Roche) as per the manufacturer’s instructions, if required.  
A-tailing: PCR products amplified using certain enzymes required the addition of a terminal 
dATP moiety to enable ligation into specific vectors. To do this, 10 μL of purified DNA was 
incubated at 72⁰C for 20 min in a standard 25 μL PCR reaction mixture containing only 
dATP. 
2.3.8 Ligation 
Ligations into pGEM-T Easy were performed using 3 U T4 DNA Ligase (Promega, USA) in 
rapid ligation buffer, either for 16 h at 4⁰C or for 1 h at room temperature. Typically ≥150 ng 
insert DNA was ligated into 50 ng of vector in a 10 μL reaction and immediately transformed 
into competent E. coli DH5α cells. All other ligations were performed using 5 U.μL
-1
 T4 
DNA Ligase (New England Biolabs, USA) according to manufacturer’s instructions; blunt-
ended ligations were incubated at 16⁰C for 18 h prior to transformation.  
2.3.9 Miniprep 
Plasmid DNA was isolated from transformed E. coli DH5α cells using the alkaline lysis 
protocol. Briefly, 3 mL of LB and appropriate selective antibiotics was inoculated with a 
single colony picked off an LB plate. The culture was grown for 18-20 h at 37⁰C on a 180 
rpm shaker and subjected to alkaline lysis (Birnboim & Doly, 1979). Cell lysates were 
incubated for 30 min at 37⁰C with 10 mM RNase A prior to extraction with 25:24:1 
phenol:chloroform:isoamylalchohol extraction.  
2.3.10 Sanger sequencing 
All sequencing was performed by Genetic Analysis Service (Department of Anatomy, 
University of Otago, New Zealand). Samples were submitted with a final primer 
concentration of 0.64 pmol.μL
-1
 and a final volume of 5 μL. Template DNA was at a final 
concentration 200 pg.μL
-1
 per 100 bp for PCR products and 40 ng.μL
-1
 for plasmids. DNA 
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was sequenced on an 3730xl DNA Analyser (Applied Biosystems, CA, USA) and the results 
analysed using Geneious (Biomatters Ltd, New Zealand).  
2.3.11 Plasmid construction 
Restriction Enzymes: One microgram of vector plasmid (generally containing the upstream 
and downstream flanking regions, 5’ and 3’ to the gene of interest, respectively) was digested 
with appropriate restriction enzymes as described in 2.3.5. Similarly, ≥3 μg of insert DNA 
was digested and blunt ended if required. To inhibit re-circularisation, vector DNA was 
purified and dephosphorylated with rAPid alkaline phosphatase (Roche, Germany) according 
to manufacturer’s instructions. Insert and vector were then ligated as described in 2.3.7and 
transformed into competent E. coli DH5α. Depending on the strategy, either A) a region of 
DNA in the recipient vector between two restriction enzyme cut sites was deleted and 
replaced with an insert consisting of a gene encoding antibiotic resistance and its associated 
transcriptional elements; or B) the antibiotic-resistance cassette was inserted between sections 
of DNA immediately adjacent to a restriction enzyme cut site.  
SLIC: Sequence and ligation independent cloning (SLIC) was utilised in this study to create 
mutagenic plasmids (Li & Elledge, 2007; Hill, 2013; Hill & Eaton-Rye, 2014). Briefly, 
primers were designed to amplify PCR products, including the vector backbone, which would 
overlap by 20-30 bp at both the 5’ and 3’ ends. These fragments were amplified, purified and 
quantified according to 2.3.3 (High fidelity PCR), 2.3.6 and 2.3.2, respectively, and subjected 
to digestion with 0.5 U.μg
-1
 DNA T4 DNA polymerase in 1x reaction buffer and the absence 
of dNTPs for 30 min at 37⁰C. Under these conditions the enzyme displayed 3’-5’ exonuclease 
activity, thus creating complementary sticky ends on each adjacent DNA fragment, until the 
reaction was stopped by the addition of 1/10
th
 volume 10 mM dCTP.  Digested fragments 
were then added sequentially to a new tube, with the vector backbone added last; the amount 






Where 𝑉𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 is the volume of each fragment to be added, in CL; L is length in kbp, 
𝑁𝑃𝑙𝑎𝑠𝑚𝑖𝑑 is the amount of plasmid backbone used (at least 100 ng) and C is concentration in 
ng.μL
-1
). 1x DNA ligase buffer (but no ligase) was added to a final reaction volume of 20 μL 
and fragments were left to self-ligate at room temperature for 30 min before transformation 






Overlap-extension: This procedure utilises a similar primer design to SLIC except that the 
vector backbone was not amplified (Bryskin & Matsumura, 2010). Briefly, individual primary 
PCR products containing a 20-30 bp overlap between each adjacent component were 
amplified using Hi-fidelity PCR. These components were purified and ≥20 ng of each used as 
the templates for a secondary Hi-fidelity PCR reaction using primers nested inside each of the 
most 5’ components of each strand, in a final volume of 25 μL. This technique produced a 
single PCR product with the desired components fused together in order, to nucleotide 
accuracy, which was then A-tailed, ligated into pGEM-T Easy and transformed into 
competent E. coli DH5αaccording to 2.3.6, 2.3.7 and 2.2.3¸ respectively.  
Following transformation into E. coli, transformants were selected for on LB plates 
containing the appropriate antibiotics, with occasional further selection by colony-PCR 
according to 2.3.3. Plasmid DNA was isolated using alkaline lysis miniprep and verified using 
restriction digest (2.3.8 and 2.3.5, respectively). Finally, plasmids were confirmed by Sanger 
sequencing using M13 primers and appropriate intragenic primers according to 2.3.9. 
Confirmed plasmids were used to transform Synechocystis 6803 according to 2.1.4.    
2.3.12 Southern hybridisation 
A version of the Southern blot using non-radioactive probes was developed to verify 
Synechocystis 6803 strains for which colony-PCR provided ambiguous results. This protocol 
used the DIG High-Prime Starter Kit II (Roche, Germany).  
Probe construction: Probes were designed to amplify ~500 bp region of the genes of interest 
with low homology to any other parts of the genome, and which would hybridise with defined 
restriction digest fragments. These regions were then amplified by standard PCR from 
genomic DNA, and purified to be used as the template in a random-primed labelling reaction. 
A 16 μL volume containing 150 ng of PCR product was denatured at 90⁰C for 15 min and 
cooled on ice before being mixed with 4 μL of 5x DIG High Prime labelling mix (Roche, 
Germany)containing Klenow enzyme, 1 mM hexameric, random primers, 10 mM ATP, CTP, 
GTP (each), 6.5 mM UTP and 3.5 mM DIG-11-UTP. This reaction was performed at 37⁰C 
for 20 h before being stopped by addition of 2 μL 0.2 M EDTA (pH 8.0) and incubation at 
65⁰C for 10 min. Labelled probes were verified by the direct detection method outlined in the 
manufacturer’s instructions.  
Southern blot: Genomic DNA of wild type and mutant strains was extracted as described in 
2.3.1and 3 μg digested for 16 h with 30 U of the appropriate restriction enzymes, in a final 
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volume of 25 μL in 1x restriction buffer. Digested genomic DNA was mixed with 6x DNA 
loading buffer and fractionated for 2 h at 30 V on a 0.7% TAE-agarose gel, and checked with 
SYBR Safe stain (Thermo Fisher, CA, USA). The gel was then washed for ~12 min in 
depurination solution with gentle shaking until the bromophenol blue marker turned yellow, 
followed by a wash with ultrapure water. Nucleic acids were soaked in denaturation solution 
2x 15 min and 2x 15 min in neutralisation solution, with ultrapure water washes in between, 
before equilibration with 20x SSC for 10 min. The Southern blot stack was then assembled: a 
wick of Whatman 3MM filter paper, overlaid on a plastic bridge, with the ends resting in a 
reservoir of 20x SSC; the equilibrated gel, face-down on the wick; a cut-to-size Hybond XL 
membrane (GE Healthcare, UK); 4 dry, cut-to-size pieces of Whatman 3MM filter paper; a 
stack of paper towels; and finally a ~2.5 kg weight to maintain capillary pressure. The nucleic 
acids were then allowed to transfer for 16 h and their absence from the desiccated gel 
confirmed afterwards with a UV transilluminator. Excess 20x SSC was then quickly washed 
off with 2x SSC, and nucleic acids fixed to the membrane by baking at 120⁰C for 30 min.  
Depurination Solution: 0.25 M HCl 
Denaturation Solution: 0.5 M NaOH, 1.5 M NaCl 
Neutralisation Solution: 0.5 M Tris-HCl (pH 7.5), 1.5 M NaCl 
20x SSC: 3 M NaCl, 300 mM tri-sodium citrate, pH 7.0. 
 
Hybridisation: Membranes were pre-hybridised in DIG Easy Hyb solution for 1 h at an 
empirically determined temperature, in hybridisation bottles, rotating slowly in a 
hybridisation oven (Hybaid, Thermo Fisher, USA). Probes were required to be denatured 
before hybridisation; to do this, 2-3 μL probe was added to 50 μL TE buffer and boiled for 5 
min before rapidly being cooled on ice. Denatured probes were added to 4-6 mL pre-warmed 
DIG Easy Hyb buffer, which replaced the pre-hybridisation solution, and incubated with the 
membranes at the hybridisation temperature for 16 h.  
Detection: After hybridisation, membranes were washed 2x 5 min with low-stringency buffer, 
followed by 2x 15 min washes with high-stringency buffer at 65⁰C, in plastic boxes in a 
rocking water bath. Salts from hybridisation were removed with 2x 5 min washes with 
washing buffer at room temperature. Membranes were blocked with ~30 mL blocking 
solution for 30 min before incubation with ~15 mL antibody solution for 1 h, both at room 





membranes were equilibrated 2-3 min in detection buffer. Membranes were sandwiched 
between transparencies to evenly distribute 0.7 mL CSPD solution over their surface, and 
incubated at 37⁰C for 10 min before detection using a CCD device in an LAS-3000 
Luminscent Image Analyzer (Fujifilm, Japan) set to chemiluminescence mode.  
Low-Stringency Wash: 2x SSC, 0.1% SDS 
High-Stringency Wash: 0.5x SSC, 0.1% SDS 
Maleic Acid Buffer: 100 mM maleic acid, 150 mM NaCl, pH 7.5  
Washing Buffer: 0.3% Tween-20 in Maleic acid buffer 
Blocking Solution: 1x DIG Blocking solution (Roche, Germany) in Maleic acid buffer 
Antibody Solution: 1x DIG Blocking solution in Maleic acid buffer, 1:10,000 dilution of anti-
DIG AP conjugate (Roche, Germany) 
Detection buffer: 100 mM Tris-HCl (pH 8.0), 100 mM NaCl in DEPC-treated ultrapure 
water. 
CSPD Solution: Disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2′- (5′-chloro) 
tricyclo[3.3.1.1
3,7
]decan}-4-yl)phenyl phosphate (Roche, Germany) 
 
2.4 RNA Analyses 
All work with RNA was performed under sterile conditions to minimise contamination with 
exogenous RNases, and samples kept on ice at all times to minimise the activity of 
endogenous RNases. A dedicated set of pipettes and tips was used at all times during these 
protocols and surfaces were cleaned with 0.1 M NaOH before contact. Ultrapure water used 
to prepare solutions was treated by stirring with 1% v/v diethylpyrocarbonate (DEPC) at room 
temperature for 16 h to inactivate RNases, followed by autoclaving at 121⁰C, 15 psi for 20 
min. All glassware was baked at 250⁰C for 4 h and all plasticware treated with 0.1 M NaOH.  
2.4.1 RNA isolation 
RNA was isolated using the hot-phenol method (Mohamed & Jansson, 1989). Briefly, 
cultures of Synechocystis 6803 were grown to mid-exponential phase (OD 730 of ~0.8) and 50 
mL of cells harvested by centrifugation at 2760 g for 8 min at 4⁰C in pre-chilled falcon tubes. 
The supernatant was decanted and pellets snap-frozen in liquid nitrogen and stored at -80⁰C 
until RNA isolation.  
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Pellets were thawed on ice and re-suspended in 1 mL equilibrated, RNase-free phenol heated 
to 65⁰C. Lysates were mixed with 1 mL NAES solution and 200 μL 0.1 mM zirconia beads 
and vortexed for three cycles of 2 min each, with 2 min on ice between cycles. Mixtures were 
transferred to chilled 1.5 mL microfuge tubes and centrifuged at 12,000 g, 4⁰C for 10 min and 
the aqueous RNA top phase transferred to a new microfuge tube. Nucleic acids were isolated 
using two 1:1 phenol:chloroform then one chloroform extractions, transferring the top phase 
to a fresh, chilled 1.5 mL microfuge tube after each extraction, followed by precipitation in 2x 
volume of absolute ethanol at -20⁰C for 1 h and centrifugation. Pellets were re-suspended in 
250 μL DEPC-treated ultrapure water and genomic DNA degraded by incubation at 4⁰C for 
16 h in the presence of 2M LiCl2. RNA was pelleted by centrifugation, washed in 0.4 M 
LiCl2, pelleted again, re-suspended in 50 μL DEPC-treated ultrapure water and precipitated in 
2x volume absolute ethanol and 1/10
th
 volume sodium acetate (pH 5.1) at -20⁰C for 1 h. 
Finally, RNA was pelleted and the supernatant removed, and pellets dried on ice for 20 min 
before re-suspension in 30 μL DEPC-treated ultrapure water. Samples were quantified and 
their integrity validated (according to 2.3.2 and 2.4.2, respectively) before storage at -80⁰C.  
NAES Solution: 50 mM sodium acetate, pH 5.1; 10 mM EDTA, 1% SDS, made in DEPC-
treated ultrapure water 
2.4.2 RNA gel electrophoresis 
RNA samples were size-fractionated on denaturing MOPS-formaldehyde gels containing 
1.5% agarose and 2% formaldehyde in 1x MOPS buffer. Between one and 20 µg of RNA was 
normalised across samples using DEPC-treated ultrapure water up to a maximum volume of 
15 μL and mixed with an equal volume of 2x RNA loading buffer in a PCR strip tube. 
Samples were denatured at 65⁰C for 10 min in a PCR machine before rapid cooling on ice. 
Samples were immediately loaded onto gels and fractionated at 70 V for 2 h, then imaged 
using a UV transilluminator and Molecular Imaging software (Kodak, USA). 
10x MOPS buffer: 0.2 M MOPS, 50 mM sodium acetate, 10 mM EDTA, pH 7.0 (NaOH), 
made in DEPC-treated ultrapure water.  
2x RNA loading buffer: 50% formamide, 16% formaldehyde, 10% glycerol, 250 μg.mL
-1
 
bromophenol blue, 100 μg.mL
-1
 ethidium bromide, in 1x MOPS buffer.  
2.4.3. RT-PCR 
DNase treatment: Prior to cDNA synthesis, contaminating DNA was removed from RNA 





presence of 4 U RNase-free DNase I and 80 U RNase Out (Invitrogen, USA), in a final 
volume of 40 μL with 1x DNase buffer. The enzymes were then inactivated by addition of 
1.25 mM EDTA (pH 8.0) and heating to 65⁰C for 10 min and the DNAse-treated RNA was 
used immediately for cDNA synthesis. One microlitre of the DNased RNA was then used as a 
template in a standard 25 μL PCR amplification using appropriate primers, where an absence 
of PCR products indicated complete removal of contaminating DNA.  
cDNA synthesis: Nineteen microlitres of DNAsed RNA was then transferred to a fresh tube, 
leaving the same volume in the original. These tubes were supplemented with (final 
concentration) 10 mM dithiothreitol (DTT), 2 mM each of dATP, dCTP, dGTP and dTTP; 
8.125 ng.μL
-1
 of a 6:2:1:1 mix of 7, 8, 9, and 10-mer random primers; 60 U RNase Out 
(Invitrogen) and DEPC-treated ultrapure water to a final volume of 38 μL in 1x first-strand 
synthesis buffer and incubated at room temperature for 5 min. 2 μL of SuperScript III Reverse 
Transcriptase (200 U.μL
-1
; Invitrogen) was then added to one of the tubes; 2 μL of DEPC-
treated ultrapure water was added to the other (no-RT control). Tubes were incubated at 50⁰C 
for 50 min before the enzymes were inactivated by heating to 70⁰C for 10 min. cDNA was 
stored at -20⁰C. 
RT-PCR: One microlitre of prepared cDNA was typically used as the template in a 25 μL 
standard PCR amplification. The annealing temperatures and number of cycles for each 
amplification were determined empirically to avoid saturation. Bands were visualised using 
standard DNA gel electrophoresis and subsequent transillumination.  
2.4.4 Northern hybridisation 
A version of the northern blot using single-stranded probes labelled with the non-radioactive 
digoxygenin (DIG) moiety was developed to analyse the length and abundance of specific 
mRNA transcripts. This protocol used the DIG High-Prime Starter Kit II (Roche, Germany).  
Riboprobe preparation: Primers were designed to amplify a ~200 bp region of the gene of 
interest, and T7 RNA polymerase promoter sequence added to the reverse primer. This PCR 
product was amplified using Touch-down PCR, purified and quantified. 250 ng of this PCR 
product was used as template material for an in vitro transcription reaction. DNA was 
incubated in 1x transcription buffer with: 5 μL 10x DIG RNA labelling mix, containing 10 
mM ATP, CTP, GTP (each), 6.5 mM UTP and 3.5 mM DIG-11-UTP (Roche, Germany); 40 
U RNase Out (Invitrogen, USA); and 100 U T7 RNA polymerase (Roche) in a final volume 
of 50 μL. Reactions were incubated at 37⁰C for 3 h. Template DNA was removed by a 15 
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min, 37⁰C digestion with 1 U RNase-free DNase 1 (Invitrogen, USA), and the reaction 
stopped by addition of 8 mM EDTA (pH 8.0). Labelled RNA was purified by incubating at -
80⁰C for 16 h in the presence of 120 mM LiCl2 and 2x volume 95% ethanol, and then 
centrifuged for 30 min, 12,000 g at 4°C. Pellets were aspirated and washed with ice-cold 70% 
ethanol, aspirated again and dried 20 min on ice. Finally, riboprobes were re-suspended in 20 
μL DEPC-treated ultrapure water and stored at -80°C. Riboprobes were verified first by 
quantification according to 2.3.2. Their integrity and transcript length was then assessed by 
running 0.5-1.0 μg of RNA on a MOPS-formaldehyde gel according to 2.4.2. Finally, DIG 
labelling was assessed according to the protocol indicated in the DIG High Prime Starter Kit 
manual (Roche, Germany). Briefly, stepwise dilutions of riboprobe (from 1 ng.μL
-1
 – 0.01 
ng.μL
-1
) were made with Riboprobe dilution buffer, and 1 μL of each dilution spotted directly 
onto a Hybond-XL membrane (GE Healthcare, UK) and fixed to membrane by baking at 
120⁰C for 20 min. Detection then proceeded according to the following protocol; successfully 
labelled probes were usually still visible at 0.3 pg.μL
-1
.  
Riboprobe dilution buffer: 2:6:2 mixture of DEPC-treated ultrapure water: 10x SSC: 37% 
formaldehyde.  
Northern blot: 2-20 μg of sample RNA isolated according to 2.4.1 was size fractionated on a 
1.5% MOPS-formaldehyde agarose gel according to 2.4.2, except that ethidium bromide was 
omitted from the 2x RNA loading buffer. 3 μL of a 0.2 – 9.5 kb RNA Ladder (Invitrogen, 
USA) was also loaded. After electrophoresis, the gel was strained with 0.5 μg.mL
-1
 ethidium 
bromide in DEPC-treated ultrapure water, for 15 min on a rocker, followed by a 15 min 
destain in DEPC-treated ultrapure water. The gel was then documented using a 
transilluminator (Kodak, USA), and measured using fluorescent rulers before equilibration in 
fresh 10x SSC, 2x 15 min. The northern blot was then assembled, where the stack was 
assembled from the bottom up as follows in a 0.1 M NaOH-washed plastic transfer box: a 
wick made of Whatman 3MM filter paper, resting flat on a bridge, with the ends placed in a 
reservoir of 10x SSC; the equilibrated gel, with the wells removed; a cut-to-size piece of 
Hybond-XL membrane (Amersham, UK); four dry, cut-to-size pieces of Whatman paper; and 
a stack of paper towels. A ~2 kg weight was placed on top of the stack to maintain capillary 
pressure as the RNA was left to transfer for up to 24 h at room temperature. An absence of 
RNA, detectable by transillumination, in the desiccated gel indicated successful transfer.  





Hybridisation: After transfer, membranes were washed twice in 2x SSC and the RNA fixed 
by baking for 30 min at 120⁰C. The membranes were then placed into a hybridisation bottle 
and pre-hybridised with 10-15 mL pre-warmed DIG Easy Hyb buffer at 65⁰C for 16 h, 
rotating slowly in a hybridisation oven. Riboprobes were required to be denatured before 
hybridisation: to do this, 2-3 μL probe was added to 50 μL RNase-free TE buffer and boiled 
for 5 min before rapidly being cooled on ice. Denatured probes were added to 4-6 mL pre-
warmed DIG Easy Hyb buffer, which replaced the pre-hybridisation solution, and incubated 
with the membranes at 65⁰C for 16 h.  
Detection: Proceeded as described in 2.3.11 (Southern hybridisation), except that all solutions 
were either made in DEPC-treated ultrapure water, or DEPC-treated after the fact. 
Low-Stringency Wash: 2x SSC, 0.1% SDS 
High-Stringency Wash: 0.5x SSC, 0.1% SDS 
Maleic Acid Buffer: 100 mM maleic acid, 150 mM NaCl, pH 7.5, in DEPC-treated ultrapure 
water.  
Washing Buffer: 0.3% Tween-20 in Maleic acid buffer 
Blocking Solution: 1x DIG Blocking solution in Maleic acid buffer 
Antibody Solution: 1x DIG Blocking solution in Maleic acid buffer, 1:10,000 dilution of anti-
DIG AP conjugate  
Detection buffer: 100 mM Tris-HCl (pH 8.0), 100 mM NaCl in DEPC-treated ultrapure 
water.  
2.4.5 5’-RACE 
5’-rapid amplification of cDNA ends (5’-RACE) was utilised in this study to determine the 
start sites for a number of mRNA transcripts. cDNA was synthesized from DNase-treated 
RNA as described in 2.4.3 and purified into a final volume of 30 μL using a spin column. A 
string of dATP moieties was then added to the 5’ end of mRNA transcripts using a terminal 
deoxynucleotidyl transferase (TdT) enzyme. 30 μL of cDNA was incubated with 200 μM 
dATP and 400 U of the TdT enzyme (Roche, Germany) in 1x TdT buffer for 15 min at 37⁰C 
before inactivation at 70⁰C for 10 min. 1 μL of this modified cDNA was then used as a 
template in a primary, standard PCR reaction, in which a forward primer specific to the gene 
of interest and a reverse oligo-dT primer were used to recognise and amplify modified cDNA 
transcripts. The products of the primary reaction were purified and 1 μL of this product used 
as the template for a secondary PCR reaction, which used a nested gene-specific primer and 
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an ‘anchor’ primer complementary to the oligo-dT primer used in the primary reaction. The 
product of this reaction was purified and sequenced; transcriptional start sites were identified 
as the first base following the string of dATPs.  
2.5 Protein Analyses 
Where possible, all protein analyses were performed in a 4⁰C room illuminated with dim 
green light to limit photodamage to light-sensitive proteins. Protease inhibitors were also 
utilised wherever possible.  
2.5.1 Thylakoid membrane isolation 
Cultures of Synechocystis 6803 were grown to mid-exponential phase (OD730 of ~0.8) in 
either 300 mL culture flasks or 2 L tubes and subjected to the appropriate environmental 
conditions. Cells were harvested by centrifugation at 4000 g for 10 min and re-suspended in 
40 mL cell washing buffer in chilled 50 mL Falcon tubes before a second centrifugation. Cell 
pellets were snap-frozen in liquid nitrogen and stored at -80⁰C until thylakoid isolation.  
Thawed cell pellets were washed again in 40 mL cold cell washing buffer in fresh, chilled 50 
mL Falcon tubes, centrifuged, and the pellets re-suspended in 1.6 mL of disruption buffer per 
litre of initial culture, at 4⁰C. Cells were lysed on ice in the dark for 30 min, and then split 
evenly into multiple 1.5 mL chilled microcentrifuge tubes (1 tube per initial 500 mL of 
culture +1) with 700 μL 0.1 mM zirconia beads (BioSpec Products, USA) per tube. Cells 
were broken by mechanical disruption in a bead-beater: 5 cycles, each consisting of 25 s at 
4800 rpm followed by 5 min on ice. Beads were removed by centrifugation at 2000 g for 2 
min at 4⁰C, and unbroken cells removed by centrifugation at 8000 g for 5 min at 4⁰C. 
Thylakoid membranes were pelleted by ultracentrifugation at 60,000 g for 1 h at 4⁰C, using 
10 mL Beckman ultracentrifuge tubes in a 75 Ti rotor (Beckman-Coulter, USA). Membranes 
were re-suspended in disruption buffer using a paintbrush, topped up and centrifuged again at 
60,000 g, 4⁰C, for 25 min, to wash away excess PBS proteins. Membranes were finally re-
suspended in solubilisation buffer and aliquotted into cryotubes for storage in a Dewar of 
liquid nitrogen.  
Cell washing buffer: 50 mM HEPES-NaOH (pH 7.5), 20 mM CaCl2, 10 mM MgCl2, 1 mM 
6-aminocaproic acid, 1 mM phenylmethylsulfonylfluoride (PMSF), 2 mM benzamidine.  
Disruption buffer: 50 mM HEPES-NaOH (pH 7.5), 20 mM CaCl2, 10 mM MgCl2, 800 mM 
sorbitol, 1 M betaine monohydrate, 1 mM 6-aminocaproic acid, 1 mM 





Solubilisation buffer: 25 mM Bis-Tris HCl (pH 7.0), 20% glycerol, 0.25 mg.mL
-1
 Pefabloc 
SC (Invitrogen, USA).  
2.5.2 Blue-native PAGE 
Solubilisation: Aliquots of thylakoid membranes were thawed on ice in the dark. The Chl a 
concentration in each sample was determined by extraction in 80% acetone followed by 
centrifugation at 13,200 g for 5 min at 4⁰C, and measuring the absorption at 665 nm using a 
spectrophotometer.  
Membranes were diluted with solubilisation buffer to give a final volume of 100 μL at a 
concentration of 0.5 mg.mL
-1
 Chl a. Membranes were then subjected to three solubilisation 
cycles – where each cycle consisted of the addition of 20 μL of 3% β-D-dodecylmaltoside 
(DDM) (Affymetrix, USA) in solubilisation buffer, gentle mixing, and incubation on ice for 2 
min – to give a final concentration of 1.125% DDM in a volume of 160 μL.  Samples were 
then left to solubilise on ice in the dark for 15 min followed by removal of insoluble material 
by centrifugation at 16,000 g for 15 min at 4⁰C. Solubilised membranes were transferred to a 
new chilled microfuge tube and the Chl a concentration determined by extracting in 80% 
acetone and measuring the absorbance at 665 nm.  
BN-PAGE: Solubilised membranes were adjusted with appropriate volumes of 1.125% DDM 
in solubilisation buffer to give the same Chl a concentration – usually around 5 μg Chl a in a 
final volume of 28 μL. The membranes were then mixed with 10 μL of 4x BN-PAGE loading 
buffer and 5 μL 5% Serva Blue G250 (Serva, Germany). Ten microlitres of this mixture 
(corresponding to ~1.5 μg Chl a) loaded onto a 15-well, 3-12% Bis-Tris 1.0 mM NativePAGE 
precast gel (Life Technologies, USA). Native gel electrophoresis was performed in a Novex 
gel chamber with 1x anode buffer as per the manufacturer’s instructions, in a 4⁰C room in the 
dark. Electrophoresis conditions were: 80 V for 1 h in the presence of 1x dark blue cathode 
buffer, then 100 V for 30 min followed by 2.5 h at 150 V in the presence of 1x light blue 
cathode buffer.  
Following electrophoresis, BN-PAGE gels were removed from their cassettes and de-stained 
for 16 h in ultrapure water at 4⁰C. Gels were placed between transparencies and imaged using 
an ImageScanner III colour scanner (Epsom, USA).  
4x BN-PAGE Sample buffer: 50 mM Bis-Tris, 6 M HCl, 10% glycerol, 50 mM NaCl, 
0.001% Ponceau S.  
Materials and Methods 
70 
 
10x BN-PAGE running buffer: 50 mM Bis-Tris, 50 mM Tricine, pH 6.8 (not adjusted). 
10x cathode buffer additive: 0.2% Serva Blue G-250 (Coomassie) in ultrapure water. 
1x anode buffer: 1:10 dilution of 10x BN-PAGE running buffer. 
1x dark blue cathode buffer: 1:10 dilution of 10x BN-PAGE running buffer; 1:10 dilution of 
10x cathode buffer additive. 
1x light blue cathode buffer: 1:10 dilution of 10x BN-PAGE running buffer, 1:100 dilution 
of 10x cathode buffer additive. 
2.5.3 SDS-PAGE 
Protein samples were analysed by size fractionation using Tris-glycine SDS-PAGE on a Mini-
PROTEAN III Cell system (BioRad, USA) (Laemmli, 1970). Samples of 5-20 μL (containing 
0.5-15 μg.mL
-1
 Chl a) were mixed with one-third volume of 4x SDS sample buffer and loaded 
onto a 4% stacking/12% resolving gel. Stacking gel consisted of 125 mM Tris (pH 6.8), 4% 
acrylamide/bis (BioRad, USA), 0.1% SDS and 0.1% ammonium persulfate. Resolving gels 
consisted of 375 mM Tris (pH 8.8), 12% acrylamide/bis (BioRad), 0.1% SDS and 0.1% 
ammonium persulfate (APS). Both gels were polymerised by addition of 10 μL 
tetramethylethylenediamine (TEMED) per 10 mL gel. A 3μL aliquot of Precision Plus pre-
stained protein standard (BioRad, USA) was added to one of the lanes and samples were then 
fractionated for 80 min at 200 V at 4⁰C using 1x SDS running buffer.  
 
4x SDS sample buffer: 0.5 M Tris-HCl (pH 6.8), 10% v/v glycerol, 2% SDS, 0.05% 
bromophenol blue, 5% v/v 2-mercaptoethanol. 
5x SDS running buffer: 150 mM Tris base, 1 M glycine, 0.5% SDS. 
 
Coomassie Staining: Some gels were stained using the protocol outlined by Schägger (2006). 
Briefly, gels were washed in ultrapure water and incubated in fixing solution for 30 min with 
gentle shaking. After another ultrapure water wash, gels were stained overnight in Coomassie 
stain. Finally, after being de-stained twice with 10% acetic acid for 15 min each, and three 
brief ultrapure water washes, gels were imaged by colour scanner. These gels were not used 
for Western blotting. 
 






Coomassie stain: 0.025% Coomassie Blue (Serva Blue G), 10% v/v acetic acid in ultrapure 
water.  
 
2.5.4 Western blotting 
Western blot: SDS-PAGE and BN-PAGE gels were equilibrated in pre-chilled electroblot 
buffer for 10 min, along with the components of the transfer sandwich, which consisted of the 
following vertical layers arranged sequentially within the cassette: scotch pad; 3MM 
Whatmann filter paper; equilibrated gel (face down); PVDF or nitrocellulose membrane 
(BioRad, USA); 3MM Whatmann filter paper; scotch pad. For BN-PAGE gels, the cut-to-size 
polyvinylidene fluoride (PVDF) membrane was immersed in 100% methanol for 1 min 
immediately prior to assembly of the transfer sandwich. The cassette was immersed in 
electroblot buffer in a Mini Trans-Blot Cell (Bio-Rad, USA), with the gel facing the anode, 
and buffer homogenised with a magnetic spinner set at 75 rpm.  
Proteins were transferred at 4⁰C. For SDS-PAGE gels, transfer conditions were 50 V for 90 
min; for BN-PAGE gels, conditions were 55 V for 20 h. Following completion of transfer, the 
transfer sandwich was disassembled and gel remnants fixed using 10% acetic acid and 30% 
methanol in ultrapure water and checked by a quick stain using a colloidal Coomassie. 
Membranes were washed with ultrapure water and air-dried on Whatmann 3MM filter using a 
fan.  
Coomassie was removed from the dried membranes by washing for 2-3 min in 100% 
methanol followed by an ultrapure water wash. Membranes were incubated in Blot-O for 1 h 
at room temperature on a 150 rpm shaker, washed 2x 10 min with ultrapure water on a rocker, 
and incubated with 25 mL of primary antibody for 16 h, gently rocking at 4⁰C.  
Electroblot buffer: 25 mM Tris, 192 mM glycine, 20% methanol. 
Blot-O: 4% Bovine serum albumin (BSA), 0.02% NaN3 in TBS (pH 7.4).   
Primary antibody: α-D1 global; raised in rabbit against a conserved synthetic PsbA (D1) 
peptide; α-CP47, raised in rabbit against a synthetic, conserved PsbB (CP47) peptide; α-
CP43, raised against amino acids 257-450 of Arabidopsis thaliana PsbC (CP43); α-D2, raised 
in rabbit against a synthetic conserved C-terminal PsbD (D2) peptide; all purchased from 
Agrisera (Sweden)) and diluted 1:1000-1:3000 in TBS (pH 7.4) with 1% BSA and 0.02% 
NaN3.  
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TBS (pH 7.4): 0.137 M NaCl, 2.7 mM KCl, buffered with 25 mM Tris and pH adjusted to 7.4 
with 37% HCl.  
Detection: After overnight incubation, primary antibody was poured off and saved. 
Membranes were then washed with 30 mL 0.1% Tween-20 in TBS (pH 7.4), 1x 15 min and 2 
x 5 min at room temperature on a rocker, before incubation with secondary antibody for 1-2 h 
at room temperature with gentle rocking. Secondary antibody was washed off by three 5 min 
washes with 0.1% Tween-20 in TBS (pH 7.4), and enhanced chemiluminescence (ECL) 
induced by incubation of membranes for 1 min in freshly-prepared ECL reagents (Abcam, 
USA). Membranes were placed between clean transparencies and proteins detected by a CCD 
device in an LAS-3000 Luminescent Image Analyzer (Fijifilm, Japan) set to 
chemiluminescence mode.  
Secondary antibody: Anti-Rabbit IgG (whole-molecule)-peroxidase antibody (produced in 
Goat by Sigma) diluted 1:20,000 in 50 mM Tris-HCl (pH 7.5), 150 mM KCl, 3% BSA in 
ultrapure water.   
2.5.5 2-dimensional gel electrophoresis 
Individual lanes of a de-stained BN-PAGE gel were identified and excised. Lanes were 
incubated in 1x LDS Sample buffer and 2.5% β-mercaptoethanol in the dark at 30⁰C for 30 
min with gentle shaking. Solubilised lanes were then applied to the 2D well of a pre-cast 
NuPAGE Novex 12% Bis-Tris gel (Life Technologies, USA), and secured by a coating of 
0.5% agarose dissolved by microwaving in 1x NuPAGE MES buffer and cooling to 55⁰C. A 
SeeBlue® Plus2 Pre-Stained Standard (Life Technologies, USA) was added to the ladder well 
and proteins were fractionated in the second dimension at 200 V for 35 min in 1x NuPAGE 
MES buffer.  
4x LDS Sample Buffer: 424 mM Tris-HCl, pH 8.8, 564 mM Tris, 8% LDS, 2.04 mM EDTA, 
40% glycerol, 0.88 mM Serva Blue G-250, 0.7 mM Ponceau S in ultrapure water.  
20x NuPAGE MES Buffer: 1M MES, 1M Tris, 2% SDS, 20 mM EDTA, pH 7.3 in ultrapure 
water. 
Silver Staining & Protein Identification: 2D gels were washed with ultrapure water and 
incubated in Fixing solution for 30 min, with gentle shaking at room temperature. After three 
ultrapure water washes, proteins in the gel were reduced and sensitised by incubation in 
0.005% sodium thiosulfate for 30 min at room temperature before a 30 min exposure to 0.1% 





~15 s wash with Developer solution before the reaction was stopped with a 30 min incubation 
in 50 mM EDTA. Stained gels were scanned using an ImageScanner III and differentially 
expressed protein spots identified using the ImageJ-based workflow described by (Natale et 
al., 2011). Identified spots were excised and analysed by mass spectrometry at the Centre for 
Protein Research, University of Otago, Dunedin, New Zealand.  
Developer solution: 0.036% formaldehyde, 2% sodium carbonate in ultrapure water. 
2.6 Physiological Analyses 
2.6.1 Photoautotrophic Growth 
Cells were prepared from starter cultures of Synechocystis 6803 as described in 2.1.3.Fresh 
150 mL flasks containing BG-11 (pH 7.5) and appropriate antibiotics, but no glucose, were 
inoculated with washed cells to an initial OD730 nm of 0.05. Cultures were incubated under 
various growth conditions for 144 h; 3 mL samples were taken every 24 h and the optical 
density measured with a Jasco V-550 or Thermo Scientific Evolution 201 UV/Vis 
spectrophotometer. Cultures were maintained at 150 mL by topping up with sterile ultrapure 
water to account for evaporation (or a bubble humidifier was utilised), and samples were 
diluted to below an OD730nm of 0.4 to obtain accurate optical density readings at later stages of 
growth.  
2.6.2 Chlorophyll a analysis 
Ten to one hundred microlitres of cells were mixed with either 90% methanol or 80% acetone 
(final concentration) in a microcentrifuge tube to extract pigments, and centrifuged at 13200 g 
for 5 min to pellet cellular debris. The supernatant was poured into a 1 mL glass cuvette and 
the absorbance measured at 663 nm using a Jasco V-550 or Thermo Scientific Evolution 201 
UV/Vis spectrophotometer. Chl a concentration in the sample was calculated using the 
dilution factor and the Chl a absorption coefficient (where 1 mg.mL
-1
 gives an A663 of 82).  
2.6.3 Cell counting 
Cells were manually counted using a Brightline haemocytometer (Sigma) with a counting 
chamber depth of 0.1 mm and a total counting chamber volume of 0.00025 m
3
. Samples at an 
OD 730 nm of approximately 1.0 were diluted 1:100 and 1 μL of this dilution was pipetted onto 
the counting chamber. Cells were counted using a light microscope with the 40x objective.  
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2.6.4 Oxygen evolution and uptake 
Oxygen evolution was measured using a Clark-type electrode (Hansatech, UK). One millilitre 
of cells were transferred into the water-jacketed reaction chamber and maintained at 30⁰C by 




red light) was provided by 
an FLS1 light source (Hansatech, UK) equipped with a 580 nm bandpass sharp cut-off glass 
filter (Melles-Griot, USA). The oxygen concentration in the chamber was measured using an 
oxygen electrode control box (CBID, Hansatech, UK) and recorded by a computer, and 
illumination automatically activated or deactivated by a micro-controller (built in-house by S. 
A. Jackson). Illumination schedules were usually 20 s pre-record, 1 min with the light off, 3 
min light on and 1 min light off. The voltage corresponding to oxygen-saturated water was 
calibrated by equilibration with atmospheric oxygen concentration, and the voltage at zero 
oxygen concentration was calibrated by the addition of a small amount of sodium dithionite. 
Oxygen evolution was supported by the addition of 15 mM sodium bicarbonate for whole-
chain reactions, or 200 μM of the artificial quinones 2,6-dichlorobenzo-1,4-quinone (DCBQ) 
or 2,5-dimethyl-1,4-benzoquinone (DMBQ) for PSII-specific reactions (the latter maintained 
in the oxidised state by addition of 1 mM K3Fe(CN)6). Oxygen consumption by respiratory 
activity was measured using the same set-up but in the dark, and in the absence of exogenous 
electron donors or acceptors.  
Saturated rates of oxygen evolution or consumption were calculated by the following 
equation: 








2.6.5 Analysis of PS II photoinhibition and recovery 
Cultures for physiological measurements were prepared as described in 2.1.3; cells were re-
suspended to a final Chl concentration of 10 μg.mL
-1
 and a final volume of ~30 mL in 125 
mL glass beakers, and stirred with a magnetic flea at 300 rpm. Cultures were allowed to 
acclimatise in standard growth conditions for 30 min before duplicate samples were taken for 
measurement (t0). PS II activity was measured by oxygen evolution in the presence of 200 
μM DMBQ and 1 mM K3Fe(CN)6 as described in 2.6.4. After the duplicate t0 measurements 
an Ektalite slide projector (Kodak, USA) was used to apply a high-intensity, constant white 




 (HL) to induce photoinhibition of PS II for 45 min, after which the 
light was switched off and cultures allowed to recover in standard growth conditions (LL). PS 
II activity was monitored during this time by taking samples for measurement every 15 min; 





allow exact timing of sampling. For photodamage experiments, kanamycin was added to a 
final concentration of 250 μg.mL-1, as an inhibitor of protein synthesis.  
2.6.6 Low-temperature (77 K) fluorescence emission spectroscopy 
Cultures for physiological measurements were prepared as described in 2.1.3or sampled 
directly from the photobioreactor. Five hundred millilitres of cells were diluted to 1 mL and a 
final Chl concentration of 2.5 μg.mL
-1 
with BG-11 (pH 7.5), transferred into a glass tube 
(internal diameter 4 mm, external diameter 6 mm) and immediately frozen in liquid nitrogen 
until measurement. As an exogenous emission standard, 250 nM sodium fluorescein was also 
added immediately prior to transferring the cells into the tubes.  
Spectra were measured using a modified MPF-3L fluorescence spectrometer (Jackson, 2012) 
equipped with a custom made, silver-lined liquid nitrogen Dewar. For data collection at an 
excitation wavelength of 440 nm, the excitation and emission slits were set at 12 and 2 nm, 
respectively. For excitation at 580 nm the excitation and emission slits were set at 10 and 2 
nm, respectively. Emission spectra were scanned at a rate of approximately 100 nm.min
-1
. 
Data processing consisted of baseline subtraction using an R script (written by S. A. Jackson) 
which approximated emission maxima using Gaussian curves, followed by normalisation to 
either the 725 nm emission maxima of PSI or the 507 nm emission maxima of fluorescein.  
2.6.7 Chlorophyll fluorescence analyses 
2.6.7.1 Room temperature variable Chl a fluorescence analysis 
Cultures for physiological measurements were prepared as described in 2.1.3or sampled 
directly from the photobioreactor. Cells were diluted with BG-11 (pH 7.5) to a final Chl a 
concentration of 2.5 μg.mL
-1
 and a volume of 2 mL, and dark-adapted for 8 min in 4 mL 
transparent plastic cuvettes.  
All room temperature variable Chl a fluorescence measurements were made using an FL-
3500 double-modulation fluorometer (Photon Systems Instruments, Czech Republic) 
equipped with blue light-emitting diodes (455 nm peak wavelength) for actinic illumination. 
Probe flashes employed either a blue measuring light (BMF, 455 nm) or a red measuring light 
(RMF, 625 nm), each with a 3 μs duration. Four BMF or RMF pulses, spaced 200 ms apart, 
were used to determine the initial fluorescence (FO) of dark-adapted samples prior to the 
commencement of actinic light. For the fluorescence induction analyses, a continuous actinic 




and 455 nm was applied, and fluorescence measured by a logarithmic 
Materials and Methods 
76 
 
series of BMF at timepoints between 68 μs and 20 s after commencement. For fluorescence 




) single turnover flash of duration 35 μs was 
applied to cells, and decay probed with a logarithmic series of BMF or RMF for 60 s 
beginning 60 μs after the flash. To avoid instrument artefacts arising from the saturating flash, 
the first timepoint used for analysis was 136 μs after the flash. For some experiments, the 
sequential turnover of PSII centres was analysed by measuring fluorescence decay after a 
train of between 1 and 5 saturating single-turnover flashes, spaced 200 ms apart. 
2.6.7.2 Electron transport inhibitors 
Depending on the experiment, electron transport inhibitors were mixed by inversion with the 
samples in their cuvettes, and incubated with the cells for at least 2 min prior to measurement. 
To block electron transfer between QA and QB and allow the analysis of charge recombination 
back reactions within PSII, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was added to a 
final concentration of 40 μM. The point measured 136 μs after the flash during fluorescence 
decay measurements in the presence of DCMU was considered the FM.  
To sterically block the binding of PQH2 to the Qo site of the cytochrome b6f complex, and to 
prevent its oxidation by the Rieske iron-sulfur protein, 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone (DBMIB) was added to a final concentration of 25 μM (Cournac et al., 2004; 
Schansker et al., 2005). To inhibit the activity of the cytochrome c oxidase enzymes, and 
prevent the reduction of oxygen to water, potassium cyanide (KCN) was added to a final 
concentration of 1 mM (Burrows et al., 2011). DMBQ was also added to some samples to a 
final concentration of 200 μM.  
2.6.7.3 Microaerobic conditions 
For some fluorescence measurements, samples were chemically deoxygenated in their 
cuvettes using a mixture of 5 mM glucose, 7 U.mL
-1
 freshly made glucose oxidase (Sigma) 
and 60 U.mL
-1
catalase (Sigma) after (Deák et al., 2014). These additions resulted in a 
reduction of oxygen to <1% of atmospheric levels within the 8 min dark adaptation period, 
measured in a Clark-type oxygen electrode (Hansatech, UK) with wild-type Synechocystis 
6803 cells. For the purpose of differentiating these samples with those prepared from cultures 
incubated in low-oxygen conditions (generated by nitrogen purging), they are referred to in 





2.6.7.4 Analysis of isolated thylakoid membranes 
Aliquots of stored, isolated thylakoids were thawed on ice and their Chl content analysed. 
Membranes were re-suspended in TSCB buffer to a final Chl concentration of 2.5 μg.mL
-1
, 
and analysis of variable Chl fluorescence induction proceeded as described in 2.6.7.1.  
TSCB Buffer: 50 mM Tricine-NaOH pH 7.5, 600 mM sucrose, 30 mM CaCl2, 1M betaine 
monohydrate in ultrapure water.  
2.6.7.5 Analysis of fluorescence decay kinetics 
Analysis of the fluorescence relaxation kinetics in forward electron transfer between QA and 
QB following saturating flashes was performed by fitting two exponential phases and one 
hyperbolic phase according to the following equation from (Vass et al., 1999; Cser & Vass, 
2007): 
𝐹(𝑡) − 𝐹𝑂  = 𝐴1exp(−𝑡/𝑇1 ) + 𝐴2exp(−𝑡/𝑇2) + 𝐴3/(1 + 𝑡/𝑇3) 
Where F(t) is the variable fluorescence at a given time point after the saturating single-
turnover flash; FO is the initial fluorescence before the saturating single-turnover flash; A1-A3 
are the percentage amplitudes of each component of the decay; and T1-T3 are the time 
constants from which half-times can be calculated via t1/2 = ln(2)/Tn for the exponential or t1/2 
= T3 for the hyberbolic components (Vass et al., 1999). According to this model, the fast 
phase reflects electron transfer from QA
-
 to QB while the middle phase largely represents the 
binding of a plastoquinone molecule to empty QB sites in PSII centres. The slow phase of the 
decay reflects the charge recombination of QA
-
corresponding to an apparent second-order 
process, which can be modelled with a hyperbolic decay component (Bennoun, 1994). 
In the presence of DCMU, when forward re-oxidation of QA
-
 is blocked, fluorescence decay 
occurs by back charge recombination of the reduced QA
-
 species with the S2 state of the OEC 




 radical pair in PSII (Cser & Vass, 
2007). The decay can be satisfactorily fitted with one exponential phase and one hyperbolic 
phase according to the following equation(after Fufezan et al., 2007):  
𝐹(𝑡) − 𝐹𝑂 = 𝐴1exp(−𝑡/𝑇1 ) + 𝐴2/(1 + 𝑡/𝑇2) + 𝑐 
Where c is a constant (an amplitude offset), A1-A2 are the amplitudes of each component and 
T1-T2 are the time constants. Curve fits were performed in Kaleidagraph (Synergy Software, 
USA). 
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2.6.8 Room temperature whole-cell absorption spectra 
Cultures for physiological measurements were prepared as described in 2.1.3 or sampled 
directly from the photobioreactor, and diluted to an OD 800 of 0.3 with BG-11 (pH 7.5). 
Spectra were collected using either a Jasco V-550 or a Thermo Scientific Evolution 201 
UV/Vis spectrophotometer, following a baseline scan. An absorption scan, against a BG-11 
(pH 7.5) reference, was performed using a slit width of 1 mm and a scan speed of 4 nm.s
-1
. 
2.6.9 Assay of reactive oxygen species 
Levels of ROS were assayed in cells using the non-specific fluorescent probe 5-chloromethyl-
2’,7’-dichlorodihydrofluorescein diacetate, chloromethyl derivative (CM-H2DCFDA) (Life 
Technologies, USA). Cultures were prepared as in 2.1.3 for all experiments; for low-oxygen 
experiments, cells were re-suspended in modified Erlenmeyer flasks and incubated in the 
anaerobic chamber for 5 h before measurement. Five hundred microlitres of cells were 
withdrawn from the physiological culture and placed in a 24-well culture plate (Bayer 
Diagnostics, Germany). Probe was then added from a 1 mM stock (dissolved in ethanol) to a 
final concentration of 10 μM and incubated with gentle shaking for 25 min to allow passive 
diffusion into cells. There, cleavage of the acetate groups by intracellular esterases, and 
interactions between redox-sensitive thiol groups such as glutathione and the chloromethyl 
moiety of the probe, generated a fluorescent adduct that remained trapped within the cells. 
Separate aliquots of cells were incubated with ethanol only (negative control) or 20 μM 
methyl viologen (positive control), and an aliquot of probe was also added to cell-free media 
to serve as a blank. Duplicate 200 μL aliquots were taken from each well and transferred to a 
96 well fluorescence plate. Fluorescence was then quantified by in vivo excitation of probe 
using a 490 nm wavelength and monitoring emissions at 520 nm with a POLARstar II 
microplate reader (BMG LabTech, Germany). Fluorescence was normalised to Chl 
concentration and the levels obtained from blank samples.  
2.6.10 Photoautotrophic selection assay 
Cultures were grown photomixotrophically to mid-exponential phase and harvested by 
centrifugation at 2760 g for 8 min. Glucose was then removed with successive BG-11 washes 
and the cells concentrated to an OD 730 nm of 2.0. A mixture of 0.8% agar was dissolved and 
sterilised in BG-11 media by autoclaving, and cooled to 42⁰C. Three millilitres of this 
solution was then mixed with 1 mL of concentrated cells and appropriate antibiotics and 
quickly poured onto pre-set BG-11 solid media plates, also containing antibiotics. Glucose 
was omitted from all media. One microgram of purified DNA, in a final volume of 10 μL, 





DNA was spotted as a positive control. Plates were incubated in standard growth conditions 





Chapter Three: The role of the low-oxygen cluster 
3.1 The response of Synechocystis 6803 to low-oxygen conditions 
Cyanobacteria frequently experience fluctuations in oxygen levels in their natural 
habitats(Stewart & Pearson, 1970). However, such fluctuations are not often experienced by 
organisms in a laboratory environment and little is known about the physiological effects on 
cultures of cyanobacteria. In order to assess such effects it was first necessary to validate an 
experimental system. A photobioreactor was utilised to simultaneously maintain and monitor 
particular environmental variables (such as temperature, pH and illumination) while 
manipulating oxygen levels in the culture cuvette by continuously purging with a 0.1% 
CO2:99.9% N2 or a 1% CO2: 99% N2 gas mixture. As shown in Figure 3.1(A), this resulted in 
a decrease in oxygen concentration to <0.2% relative to atmospheric levels (220,000 ppm 
versus 400 ppm) within 10 min of the commencement of purging, and maintenance at that 
level for the duration of the experiment. Concomitant with this decrease in oxygen levels was 
a ~15% increase in both the maximal Chl a fluorescence and level of PS II activity in a 
culture of wild-type Synechocystis 6803, measured by the integrated fluorometer in the 
photobioreactor; however, steady-state fluorescence did not change during the course of the 
experiment.  




Figure 3.1 Response of wild-type Synechocystis 6803 cells to low-oxygen conditions. (A) Representative data 
obtained from the photobioreactor during a typical 10 h low-oxygen timecourse experiment. Dotted line 
indicates the oxygen concentration inside the sample cuvette, measured by an immersed O2 electrode. Black, 
blue and red lines indicate the level of PSII and steady-state or maximal Chl a fluorescence, respectively, 





Representative semi-quantitative RT-PCR validation of gene expression under low-oxygen conditions. cDNA 
was synthesised from RNA extracted from samples taken at indicated time-points; primers for the indicated 
genes were used for 30 cycles of amplification. rnpB (RNA polymerase subunit B) is shown as a control. The 
colours of ho2 have been inverted to ensure reproducibility. 
 
Semi-quantitative reverse-transcriptase PCR (RT-PCR) was performed on RNA extracted 
from wild-type Synechocystis 6803 cultures incubated under low-oxygen conditions 
(Fig.3.1(B)). The mRNA levels of a subset of key genes identified by microarray analysis 
(Summerfield et al., 2008) were examined. After a 2 h incubation in low-oxygen conditions, 





approximately 3 fold relative to the aerobic level. These data are consistent with that obtained 
by Summerfield et al. (2008) using their microarray, which demonstrated induction levels for 
psbA1 (slr1181) of 2.4, 3.4 and 3.6 fold over the aerobic level after 1, 2 and 6 h under low-
oxygen conditions, respectively. A similar pattern was observed for the mRNA transcript 
encoding the gene for the alternative cytochrome b6f Rieske iron-sulfur protein, petC2 
(slr1185), which was up-regulated after 2 h incubation in low-oxygen conditions (Fig. 
3.1(B)). An mRNA transcript containing sll1875, a gene encoding the oxygen-independent 
heme oxygenase isoform (ho2), was strongly up-regulated after 2 h low-oxygen conditions 
and remained at up-regulated for the duration of oxygen deprivation (Fig. 3.1(B)); this is 
consistent with the induction of a low-oxygen specific (or oxygen-independent) chlAII-ho2-
hemN tetrapyrrole biosynthesis operon (Aoki et al., 2012, 2014). These results are consistent 
with those obtained by other research groups and confirm that this experimental system 
replicated sufficiently the low-oxygen environment attained by Summerfield et al. (2008).  
The validated experimental system was used to analyse the effect of low-oxygen conditions 
on the physiology of wild-type Synechocystis 6803 cells. Oxygen evolution of samples was 
measured using a Clark-type oxygen electrode. Oxygen evolution increased during the first 2 




 in the 





 in the presence of 1 mM K3Fe(CN)6 and 200 μM 2,6-dichloro-1,4-
benzoquinone (DCBQ) (PS II-specific). Whole-chain oxygen evolution decreased slightly 




 at 5 and 10 h, respectively. PS 





 at 5 and 10 h, respectively, suggesting that the initial increase in whole-
chain activity is due to an up-regulation of PS II activity. This is consistent with both the 
increase in PS II activity measured by the photobioreactor (Fig. 3.1(A)) and the temporal 
sequence of the differential regulation of the psbA1 transcript (Fig. 3.1(B)).  




Figure 3.2 Physiological response of wild-type Synechocystis 6803 to low-oxygen conditions. (A) Oxygen 
evolution rates of cells incubated under low-oxygen conditions in the photobioreactor, measured using an 
external Clark-type electrode in the presence of 15 mM sodium bicarbonate (closed squares) or 200 μM DCBQ 
(open squares). Data shown are the mean rate ± the standard error of 4 independent biological replicates. 




illumination. (B) Chl a fluorescence induction 
measured using an external double-modulation fluorometer. Cells sampled from aerobic conditions or after 5 h 
exposure to low-oxygen conditions are shown by black or white squares, respectively. Samples were maintained 
in microaerobiosis in cuvettes by the addition of a chemical mixture. The O, J, I and P features are indicated. (C) 
Whole-cell absorption spectra of cells sampled from aerobic conditions (solid lines) or after 10 h exposure to 
low-oxygen conditions (dotted lines). (D) Photoautotrophic growth curves of liquid cell cultures incubated in 





an anaerobic chamber. Asterisks indicate significantly different measurements of OD 730 nm between conditions, 
determined by repeated-measures ANOVA.  
The traces obtained by measuring fast variable Chl a fluorescence over microsecond-second 







species) and are unique to each organism (Govindjee & Shevela, 2011). They are 
referred to as Chl fluorescence induction, the Kautsky effect or the OJIP transient, where each 
letter refers to a specific characteristic or feature of the trace: O refers to the initial 
fluorescence (FO) measured after dark adaptation; J and I are inflections or transients at 
around 2 and 30 ms after the onset of illumination, produced by modulations in the levels of 
QA
-
 in PS II centres, which in turn reflect electron transport within and downstream of PS II; 
P refers to the peak fluorescence obtained after approximately 1 s of illumination, after which 
carbon fixation processes begin to draw reducing equivalents and electrons produced by the 
light reactions, and reduce or quench the variable fluorescence (Fig. 3.2(B)) (Strasseret al., 
1995; Lazar, 1999; Govindjee & Shevela, 2011). In cyanobacteria, the kinetics of these 
transients can be affected by both photosynthetic and respiratory electron transport, which co-
occur in the thylakoid membrane and share several components including the cytochrome b6f 
complex (Kallas, 2011). The terminal reaction in respiratory electron transport is the 
reduction of O2 to H2O, catalysed by cytochrome c or bd-containing oxidases (Kallas, 2011); 
oxygen may also act as an electron acceptor for an alternative electron flow from PS II via the 
Flv2/Flv4 FDPs (Zhang et al., 2012; Shimakawa et al., 2015). In a low-oxygen environment, 
one would expect the flux of these reactions to be greatly reduced. Therefore, the effects of 
low-oxygen conditions on variable Chl a fluorescence induction in wild-type Synechocystis 
6803 were analysed.   
Low-oxygen incubated cultures were sampled and maintained in microaerobic conditions, and 
variable Chl a fluorescence induction analyses performed according to 2.1.5 and 2.6.7. Chl a 
fluorescence induction traces produced by low-oxygen incubated wild-type cultures displayed 
decreased FO values of 0.275 ± 0.021, compared with 0.399 ± 0.002 produced by aerobic-
incubated cultures, so traces were normalised to (F-FO) to aid comparison (Fig. 3.2(B)). While 
the P transient appeared similar between cultures incubated in the absence or presence of 
oxygen, the level of the J transient increased from 0.240 ± 0.032 to 0.290 ± 0.031 and the I 
inflection became more prominent in the low-oxygen incubated cells.  
The lower FO value may indicate a decreased population of reduced QA in the low-oxygen 
incubated cells; however, the interpretation is complicated as FO values in cyanobacteria can 
reflect many other processes in the cells including PS I and PBS fluorescence (Kaňa et al., 
2009). On the other hand, variable fluorescence induced upon the application of an actinic 
light originates almost entirely from PS II. The fluorescence level at the J inflection 
corresponds to a state of reduced QA prior to significant transfer of electrons to QB (Strasser et 
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al., 1995; Belyaeva et al., 2008). The increase in the J level observed in low-oxygen 
incubated cells may reflect an increased amount of reduced QA associated with PS II, in turn 
reflecting a decrease in the rate of QA
-
 re-oxidation by the cytochrome b6f complex or quinol 
bd oxidase (Berry et al., 2002; Schultze et al., 2009). This suggests that processes 
downstream of PS II normally responsible for oxidation of the PQ pool – such as the 
respiratory electron transport pathway – have been de-activated in the absence of oxygen, 
their terminal electron acceptor.  
 
Levels of cellular pigments in low-oxygen incubated, wild-type Synechocystis 6803 cells were 
assessed using whole-cell absorption spectra. After 10 h low-oxygen, cells displayed a slight 
reduction in the 435 nm and 679 nm absorption maxima – corresponding to Chl a – as well as 
the 625 nm maxima arising from the phycobilin pigments, and the 489 nm carotenoid 
shoulder when normalised to 750 nm (Fig. 3.2(C)). This contrasts with the spectra reported by 
Summerfield et al. (2011), who observed increased Chl a and phycobilin maxima in 
photoautotrophic wild-type Synechocystis 6803 cells exposed to low-oxygen conditions, but 
the discrepancy may simply reflect different light conditions experienced by the cells. An 
alteration in photosynthetic pigments suggests stress or altered functional requirements of the 
photosynthetic machinery and therefore perhaps an altered rate of photoautotrophic growth. 
Indeed, when incubated in low-oxygen conditions, wild-type cells grew photoautotrophically, 
but at a significantly slower rate than that measured in aerobic conditions, with doubling 
times of 13.1 ± 0.3 h and 15.2 ± 0.3 h, respectively (p = 0.029) (Fig. 3.2(D)). This is 
consistent with the growth phenotypes described in the literature, although no bleaching was 






3.2 Analysis of transcription in the low-oxygen cluster 
The DNA microarray data generated by Summerfield et al. (2008) revealed that >60% of the 
genes differentially expressed under low-oxygen were down-regulated, which may explain the 
decreased pigment levels and photoautotrophic growth rate described in Figure 3.2(C) and 
(D). However, against this background, a number of groups of genes were up-regulated, 
including the low-oxygen cluster (LOC) containing psbA1, petC2 and four hypothetical 
genes. Prior to this study, almost nothing was known about this genetic region, and psbA1 was 
considered at most to be expressed at trace levels until relatively recently (Sicora et al., 2006, 
2009; Summerfield et al., 2008).  
In order to determine whether or not the cluster is an operon, the mRNA transcript 
organisation of the LOC to was investigated. Reverse-transcriptase (RT-)PCR was performed 
using primers designed to amplify <1 kb regions across adjacent genes (Fig. 3.3(A)), with the 
intention that amplicons of the correct size would only be produced from cDNA if the genes 
were encoded by the same transcript. Amplification using primer pairs p3-p5, p4-p6 and p7-
p9 had already been assessed using this technique by McKay (2010) and suggested that at 
least slr1181-slr1184, and ssr1966-slr1185, were transcribed as polycistronic units. The 
specificity of primer pairs were verified by PCR using wild-type Synechocystis 6803 genomic 
DNA as a template (Fig. 3.3(B)). Primer pairs p4-p5 generated an amplicon of ~ 1 kb across 
slr1182 and slr1183 when cDNA was used as the template, as observed with a gDNA 
template (Fig. 3.3(C)). The intensity of this amplicon was increased when amplified from 
cDNA derived from wild-type Synechocystis 6803 incubated under low-oxygen conditions for 
10 h, consistent with up-regulation of this transcript.  
A number of amplicons were generated from cDNA when the 5’ primer (the ‘anchor’) was p7 
(Fig. 3.3(D)), increasing in size from ~0.85 kb (p7-p8b), to ~0.9 kb (p7-p8), to ~1.2 kb (p7-
p9b). As observed with primer pair p4-p5, the –O2 amplicon generated using each primer pair 
tended to be brighter than its +O2 counterpart. No amplicon was generated using the p7-pR 
pair, but this may have been due to decreased cDNA stability above 1.5 kb. Amplicons were 
also generated using pF as the 5’ anchor primer, with sizes of ~0.65 kb (pF-p8) and ~0.9 kb 
(pF-p9b) (Fig. 3.3(E)); considered together with the amplicons generated using p7-anchored 
primer pairs, this suggests that transcription does indeed occur across the intergenic region 
between slr1184 and ssr1966. Finally, amplicons of ~0.65 kb (p10-p9b) and ~0.9 kb (p10-pR) 
were produced using p10 as the anchor, though these bands were much more intense than the 
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others amplified in this experiment. This suggested an increased abundance of ssr1966 and 
petC2 mRNA, even under aerobic conditions, compared with the other members of the LOC.  
 
Figure 3.3 Reverse-transcriptase PCR determination of the transcript organisation of the low-oxygen cluster 
(LOC). (A) Genomic diagram of the LOC indicating RT-PCR primers used in this experiment. The two arrows 
upstream of psbA1 indicate transcriptional start sites previously determined by 5’RACE (McKay, 2010). 
Diagram is to scale; the black bar indicates 1 kb. (B) PCR products amplified using the primer pairs indicated in 
(A) showing amplicon lengths. Wild-type gDNA was used as the template. (C) RT-PCR performed using primer 
pair p4-p5. cDNA was synthesised from RNA extracted from wild-type Synechocystis 6803 incubated in either 
aerobic conditions (+O2) or low-oxygen conditions for 10 h (-O2), and 1 μL of cDNA or a –RT control was used 
as the template.  (D) RT-PCR performed with primer pairs anchored at p7. (E) RT-PCR performed with primer 
pairs anchored at pF. (F) RT-PCR performed with primer pairs anchored at p10. (G) Sequencing results from 






Given the known role of petC2 in adaptation to highlight stress in aerobic conditions 
(Tsunoyama et al., 2009), it is plausible that it and potentially ssr1966 may be transcribed in a 
unit separate from the rest of the LOC – though this does not preclude the polycistronic 
transcription of the entire cluster. Such an arrangement would infer the existence of a 
transcriptional start site in the intergenic region between sl1184 and ssr1966. 5’RACE was 
thus performed to determine the position(s) of any transcriptional start site(s) in this region, 
using p8b as 3’ primer. Two products of ~450 and ~300 bp were produced in the primary 
reaction, and two products of ~400 bp and ~250 bp in the secondary reaction (using p8 as a 
nested primer). These products were purified, cloned and sequenced as described in Materials 
& Methods, and revealed the existence of a transcriptional start site 77 bp upstream of the 
start codon of ssr1966 (Fig. 3.3(G)). Aside from those upstream of psbA1, no other 
transcriptional start sites have been mapped in the LOC region.  
Taking into consideration the microarray data (Summerfield et al., 2008), preliminary RT-
PCRs (Fig. 3.3(C-F)), and 5’RACE data (Fig. 3.3(G)), it would appear that the LOC 
represents a genomic structure (potentially an operon) containing genes which may be 
functionally related. In order to detect any low-abundance mRNA transcripts encoded by the 
LOC, and to confirm their lengths and expression patterns, a DIG-based northern 
hybridisation approach was developed (2.4.4).  
Primers were designed to amplify:  
a) a 192 bp region of psbA1, from 18 to 210 nt downstream of the start codon. This region 
was selected as it contained the lowest region of nucleotide similarity (~ 65%) between the 
psbA genes in Synechocystis 6803, with the effect of reducing specificity towards psbA2 or 
psbA3; 
b) a 200 bp region of slr1182, from 178 to 378 nt downstream of the start codon; 
c) a 223 bp region of slr1184, from 127 to 350 nt downstream of the start codon; 
d) a 197 bp region of petC2, from 169 to 366 nt downstream of the start codon. Again, this 
region was selected to avoid cross-specificity towards the highly similar petC1 gene of 
Synechocystis 6803 (with which this region shares ~70% similarity), and 
e) a 226 bp region of the gene encoding RNA polymerase subunit B (rnpB), from 319 to 541 
nt downstream of the transcriptional start site, to be used as a control.  
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The results of these PCR amplification reactions are shown in Figure 3.4(A). Riboprobes 
were validated by a number of methods after the in vitro RNA synthesis reaction. Probes were 
purified and quantified according to 2.3.2. The length and integrity of the single-stranded 
RNA transcripts were verified using MOPS-formaldehyde gel electrophoresis (Fig 3.4(B)). 
Labelling with the DIG-dUTP moiety was then confirmed by serial dilution of probes, direct 
application to a membrane and subsequent detection (Fig 3.4(C)).  
 
Figure 3.4 Construction and validation of DIG-labelled riboprobes. (A) Amplification of PCR products using 
primers listed in Table 2.1. Lanes: 1: psbA1; 2: petC2; 3: rnpB; 4: slr1182; 5: slr1184. (B) MOPS-formaldehyde 
agarose gel verification of RNA transcript length and integrity following in vitro transcription. (C) Verification 
of DIG-dUTP incorporation into riboprobes. Probes were serially diluted to between 1000-0.03 pg.μL-1and 1 μL 
of each dilution spotted onto a membrane, after which detection was performed as described in Materials and 






Wild-type Synechocystis 6803 contains three psbA genes, which have a minimum of 75% 
nucleotide identity between them, therefore it was decided to utilise the pA1::psbA1 strain to 
avoid hybridisation of the psbA1 probe to either psbA2 or psbA3. The pA1::psbA1 strain was 
previously used to investigate the alternative D1ʹ-containing PSII reaction centre 
(Summerfield et al., 2008). This strain was made by R. Winter and contains only the psbA1 
gene in its native locus; however, documentation of the details of its construction was not 
available before this work. Figure 3.5 shows the strategy used to delete both psbA2 and psbA3 
in this strain. First, a ~2.5 kb region including psbA2 (slr1311) and 750 bp upstream and 
downstream of the gene was amplified by PCR and cloned (Fig. 3.5(A)). A 382 bp region 
between the unique intragenic restriction sites BstEII and HincII was then deleted and 
replaced with a 2.0 kb fragment derived from pBR325,which contained the cat gene encoding 
chloramphenicol resistance and associated transcriptional elements (Bolivar, 1978; Prentki et 
al., 1981). The Met1 start codon of psbA2 was also mutated to an amber stop codon using 
site-directed mutagenesis (Fig 3.5(B)).  
This plasmid was used to transform wild-type Synechocystis 6803 and successful 
transformants were selected on BG-11 solid media containing chloramphenicol. Colonies 
were picked and re-streaked until segregated to produce a ∆psbA2
C 
strain. Second, a 2.8 kb 
region including psbA3 (sll1867) and 850 bp up- and downstream of the gene was amplified 
by PCR and cloned (Fig 3.5(C)). A 486 bp region between the unique intragenic restriction 
sites HindIII and NheI was then deleted and replaced with a 1.2 kb fragment derived from 
pUC4K,which contained the aphII gene encoding kanamycin resistance and associated 
transcriptional elements (Oka et al., 1981). The Met1 start codon of psbA3 was also mutated 
to an amber stop codon using site-directed mutagenesis (Fig. 3.5(D)). This plasmid was used 
to transform the ∆psbA2
C 
strain of Synechocystis 6803, and successful transformants were 
selected for on BG-11 solid media containing chloramphenicol and kanamycin. Colonies were 




strain. Segregation of 
these deletions was verified by colony PCR (Fig 3.5(E)).  This strain is referred to in this 
work as the pA1::psbA1 strain (as only psbA1 remains intact, expressed from its native 
promoter).  





Figure 3.5Construction of the pA1::psbA1 strain. (A) Genomic structure of the psbA2 (slr1311) region of the 
wild type chromosome showing the BstEII and HincII restriction sites used for mutagenesis. All diagrams are to 
scale; the black bar indicates 1 kb. Primers used for colony PCR are indicated by black arrows, and numbers 
refer to the Ref# of Table 2.1. (B) Genomic structure of the psbA2 (slr1311) region in the pA1::psbA1 strain. A 
422 bp region of the gene between the BstEII and HincII sites was deleted and replaced with a 2.0 kb cassette 
containing transcriptional elements and an ORF encoding the cat gene conferring resistance to chloramphenicol.  
In addition, the Met1 codon was replaced by an amber stop codon (asterisk). (C) Genomic structure of the psbA3 
(sll1867) region showing the HindIII and NheI restriction sites used for mutagenesis. (D) Genomic structure of 
the psbA3 (sll1867) region in the pA1::psbA1 strain. A 405 bp region of the gene between the HindIII and NheI 
sites has been deleted and replaced with a 1.2 kb cassette containing transcriptional elements and an ORF 
encoding the aphII gene conferring resistance to kanamycin. In addition, the Met1 codon was replaced by an 
amber stop codon (asterisk). (E)  PCR of the psbA1 (lanes 1-2),  psbA2 (3-4) and psbA3 (5-6) regions amplified 
using indicated primers. gDNA from the wild-type (lanes 1, 3 and 5) or the pA1::psbA1 strain (lanes 2, 4 and 6) 
was used as the template. Note that the psbA1 locus is not perturbed in the pA1::psbA1 strain. N.B. the deletion 






RNA was extracted from Synechocystis 6803 wild type and the pA1::psbA1 cells which had 
been incubated for 0 (aerobic), 2 and 5 h under low-oxygen conditions in the photobioreactor. 
Ten to fifteen micrograms of this RNA was fractionated using MOPS-formaldehyde gel 
electrophoresis, northern blotted and hybridised with one of the probes detailed above, with 
subsequent detection. The results are shown in Figure 3.6.  
 
 
Figure 3.6 Determination of the transcript organisation of the LOC using northern hybridisation. (A) Northern 
hybridisation of the indicated riboprobes with RNA isolated from wild type and the pA1::psbA1 strain after 0, 2 
and 5 h incubation in low-oxygen conditions. Hybridisation with constitutively expressed rnpB, and the 16S and 
23S rRNA bands of the stained agarose gel, are shown as loading controls. (B) Genomic diagram of the LOC 
indicating the likely positions and lengths of the mRNA transcripts in the region (grey lines, where thickness is 
approximately proportional to abundance). Transcriptional start sites determined by 5’RACE are indicated by 
arrows and short black bars indicate the binding position of riboprobes. The diagram is to scale, with 1 kb 
indicated by the black line.  
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The psbA1 probe hybridised with a single transcript of around 1.4 kb, although smaller, very 
low abundance fragments were also visible, which likely represent mRNA degradation 
patterns typical for psbA transcripts (Jansson et al., 1987). This transcript was present in the 
wild-type samples taken at all three time-points, at approximately equal intensities; however, 
one cannot exclude cross-detection of the other psbA transcripts present in these samples. The 
probe did not hybridise with any transcript in the RNA extracted from the pA1::psbA1 strain 
sampled under aerobic conditions (t=0). High abundance, ~1.4 kb transcripts were detected in 
this strain after 2 and 5 h of low-oxygen conditions; the absence of the psbA2 and psbA3 
genes in this strain eliminates the risk of cross-detection; therefore these transcripts must 
contain the psbA1 gene.  
No transcript could be detected using the slr1184 probe in these strains under aerobic or low-
oxygen conditions. No transcript was detected in the wild type under any of the conditions 
examined, or in the pA1::psbA1 strain sampled under aerobic conditions, using the slr1182 
probe. However, in the latter strain the probe hybridised with a ~1.4 kb transcript after 2 and 5 
h under low oxygen conditions, in addition to a lower abundance ~2.2 kb transcript more 
evident after 5 h (Fig. 3.6(A)).  
The expression patterns detected with the petC2 probe were similar to those detected with the 
psbA1 probe (Fig. 3.6(A)). A transcript of approximately 1.4 kb was detected at similar low 
abundance levels in the wild type under all conditions, along with a smaller ~0.5 kb transcript 
– approximately the size of the petC2 gene (537 nt). The larger transcript was not detected in 
the pA1::psbA1 strain sampled under aerobic conditions, but was highly abundant in the same 
strain sampled after 2 and 5 h exposure to low-oxygen conditions. This confirms the up-
regulation of psbA1, slr1182 and petC2 under low-oxygen conditions first detected by 
Summerfield et al. (2008).  
From these results it was possible to infer the organisation of the transcripts in the LOC 
region (Fig. 3.6(B)). The size of the psbA1 transcript and the position of its transcriptional 
start sites infer that it exists as a monocistronic transcript, as is the case with other psbA genes 
in cyanobacteria (Jansson et al., 1987; Sicora et al., 2006). However, this does not preclude 
the existence of a full-length transcript containing the other members of the LOC, as 
suggested by RT-PCR; it may simply be too low abundance or too quickly processed to form 
a pool detectable by northern hybridisation. The transcripts containing slr1182 may also 
include slr1183 in the ~1.4 kb length, and potentially also slr1184 and ssr1966 in the longer 





explain its inability to detect any transcripts (Fig. 3.4(C)). Finally, the petC2 -containing 
transcripts include one measuring ~0.5 kb and likely monocistronic, and one measuring ~1.4 
kb which may also contain ssr1966. 
The up-regulation of psbA1, slr1182 and petC2 under low-oxygen indicates the existence of 
an oxygen-sensitive mechanism for the regulation of transcription in the LOC region. To 
investigate the transcriptional response to transitions between aerobic and low-oxygen 
conditions, the pA1::psbA1 strain was incubated under low-oxygen conditions for 5 h – thus 
inducing transcription of the LOC – before being re-oxygenated (returned to aerobic 
conditions by bubbling with air) for another 5 h. RNA was extracted at 0, 2 and 5 h under 
low-oxygen (t0, t2 and t5, respectively), and 2 and 5 h after re-oxygenation (t7 and t10, 
respectively), from which cDNA was synthesised, and quantitative reverse transcriptase PCR 
(qRT-PCR) was performed using the primers indicated in Table 2.1.  
 
Consistent with the RT-PCR and northern hybridisation data, qRT-PCR revealed that the 
psbA1 and petC2 genes had increased transcript levels during incubation in low-oxygen 
conditions, as did slr1184 and ssr1966 (Fig. 3.7). Transcript levels of psbA1 were increased 
~100-fold after 2 h, and declined to ~60-fold after 5 h in low-oxygen conditions. A 
subsequent transition to aerobic conditions induced a decline in transcription, to ~9-fold at t7 
(5 h low-oxygen plus 2 h re-oxygenation) and ~2-fold at t10. Transcript changes in the three 
other genes, slr1184, ssr1966 and petC2, were similar to each other with increased transcript 
levels under low-oxygen conditions; however, the fold change for these genes was less than 
observed for psbA1: 17-21-fold after 2 h and 5-11-fold after 5 h in low-oxygen conditions, 
and transcript levels had returned to aerobic (t0) levels by t7.  
 




Figure 3.7 Quantitative reverse-transcriptase PCR (qRT-PCR) analysis of the mRNA transcript levels of 
selected genes in the low-oxygen cluster. Transcript levels are indicated as a percentage fold change respective 
to the level of each transcript at 0 h (and to the expression level of a constitutively expressed gene, rnpB). 
slr1181 (psbA1): closed squares; slr1184: closed diamonds; ssr1966: open triangles; slr1185 (petC2): open 
circles. Data shown are the mean fold change ± the standard error from 3 independent biological replicates. NB 
this analysis was performed by Jocelyn Chua.  
 
The rapid increase in LOC transcript levels upon the onset of low-oxygen conditions, and the 
decline in levels upon re-oxygenation, is evidence for an oxygen-sensitive regulatory system 
or transcription factor. It is highly likely that at least one of the factors involved in this 
process is ChlR, the oxygen-responsive, MarR-type bacterial transcriptional activitator, as this 
protein has been shown to bind to the DNA region immediately upstream of psbA1 in addition 
to the chlAII-ho2-hemN oxygen-independent tetrapyrrole biosynthesis operon (Aoki et al., 
2014; Aokiet al., 2012; Ludwig et al., 2014). Whether this factor is also responsible for the 
up-regulation of the other LOC genes remains to be determined; the increased induction of 
psbA1 compared to the other LOC members suggests this gene might be expressed 
independently of the other LOC genes, consistent with the likely monocistronic ~1.4 kb 






3.3 Construction of LOC mutant strains 
The apparent co-transcription of the genes of the LOC suggested a mutual functional 
relationship; however, too little was known about the structure or function of these genes – in 
particular the four hypothetical genes – to come to any conclusions at this stage. To further 
investigate the functions of these genes in vivo and their products and potential interactions 
between them under low-oxygen conditions knockout strains of psbA1, petC2 and the four 
hypothetical proteins were constructed. These single mutants were constructed using the sacB 
markerless deletion system, as well as a strain in which the entire LOC had been deleted. This 
two-part mutagenesis strategy consists of first deleting a region of interest and replacing it 
with a pRL250 fragment containing a kanamycin-resistance cassette as well as the sacB gene 
isolated from Bacillus subtilis. Following full segregation of this deletion in the Synechocystis 
6803 chromosome, a second cyanobacterial transformation is performed with a plasmid 
containing the same deletion but no selection cassettes; positive selection of transformants 
then occurs on sucrose-containing solid BG-11 media. Expression of the sacB gene is toxic to 
Gram-negative bacteria grown on sucrose-containing media, as this gene encodes a 
levansucrase which hydrolyzes sucrose; the fructose unit is then used to produce levan 
polymers, which are toxic to the bacterium for reasons not yet fully understood (Viola et al., 
2014). Therefore only the markerless re-transformants will survive on the sucrose-containing 
media.  
 
To delete psbA1, a 2.8 kb region including psbA1 and 850 bp up- and downstream of the gene 
was amplified using PCR and cloned (Fig. 3.8(A)). A 384 bp region between the unique 
intragenic HpaI and BsmI restriction sites was deleted and replaced with a 3.8 kb Xba1-Xba1 
fragment derived from pRL250, which contained the kanamycin-resistance cassette and the 
sacB gene as well as transcriptional machinery, to create the ∆psbA1-sacB plasmid (Fig. 
3.8(B) and (C)). This plasmid was transformed into wild-type Synechocystis 6803 and 
transformants selected on solid BG-11 media containing kanamycin to create the ∆psbA1-
sacB strain (Fig. 3.8(D)). Full segregation of the chromosome was confirmed by Southern 
blot (Fig. 3.8(E)).  





Figure 3.8 Construction of the ∆psbA1-sacB strain. (A) Genomic structure of the psbA1 (slr1181) region 
showing the HpaI and BsmI restriction enzyme cut sites used for mutagenesis. Black bars indicate PCR primers; 
primers are numbered according to Ref# in Table 2.1. The black bar indicates the binding position of the 
Southern blot probe; the EcoO109I sites used to fragment the chromosome are indicated. All diagrams are to 
scale; black bar in top right indicates 1 kb. (B) Map of the ∆psbA1-sacB plasmid. This plasmid was transformed 
into wild-type Synechocystis 6803, selected and segregated on kanamycin-containing media to produce the 
∆psbA1-sacB strain. (C) EcoR1 restriction digest verification of the ∆psbA1-sacB plasmid. (D) Genomic 
diagram of the psbA1 region in the ∆psbA1-sacB strain. A 384 bp region between the HpaI and BsmI sites in 
slr1181was deleted and replaced with a 3.8 kb fragment containing sacB and a kanamycin-resistance cassette. 
(E) Southern blot verification of complete segregation in the ∆psbA1-sacB strain. Genomic DNA isolated from 
wild type (lane 1) and the ∆psbA1-sacB strain (lane 2) was digested overnight with EcoO109I, fractionated on an 
agarose-TAE gel, blotted onto a membrane and hybridised with DIG-labelled probe specific for psbA1 followed 






This strain was then used as the background strain for transformation using a second, 
markerless ∆psbA1 deletion plasmid, constructed by SLIC (Li & Elledge, 2007). Briefly, two 
PCR products were amplified from wild-type Synechocystis 6803 genomic DNA: one 
containing the ~700 bp upstream, and the first ~300 bp, of psbA1 (forming the left flank), the 
other containing the stop codon and ~1000 bp downstream of psbA1 (forming the right flank) 
(Fig. 3.9(A)). The PCR primers were designed to introduce ~15 bp complementary sequences 
at the 5’ and 3’ of each adjacent component; a ~2.9 kb component containing the entire 
pUC19 plasmid vector sequence was also amplified and ~15 bp sequences complementary to 
the genomic fragments added (Fig. 3.9(B)). These components were then assembled as 
described in 2.3.11 to form the ∆psbA1 plasmid (Fig. 3.9(C)), cloned, purified and verified by 
restriction digest and sequencing (Fig. 3.9(D)). This plasmid was then transformed into the 
∆psbA1-sacB strain using the longer transformation described in 2.1.4; successful 
transformants (in which the sucrose-lethal sacB gene had been replaced) were selected for on 
BG-11 solid media supplemented with 5% sucrose, glucose and atrazine to produce the 
∆psbA1 strain. The segregation and genotype of this strain was confirmed using colony PCR 
and sequencing (Fig. 3.9(E)).  
  




Figure 3.9 Construction of the ∆psbA1 and ∆psbA1
K 
strains. (A) Genomic structure of the psbA1 (slr1181) 
region. Black bars indicate PCR primers; primers are numbered according to Ref# in Table 2.1. Blue primers 
used for amplification of the components of the markerless deletion plasmid are indicated, and blue bars denote 
the size and position of the components (numbers correlate to the lanes in (B). All diagrams are to scale; the 
black bar indicates 1 kb. (B) Agarose gel showing the components of the markerless deletion plasmid. Lanes: M: 
1 kb+ DNA Ladder; 1: Left flank; 2: Right flank; 3: pUC19 plasmid vector. (C) Map of the ∆psbA1 plasmid 
constructed using SLIC. This plasmid was transformed into the ∆psbA1-sacB strain and selected for on sucrose-
containing media to produce the ∆psbA1 strain. (D) Verification of the ∆psbA1 plasmid by EcoR1 restriction 
digest. (E) Genomic structure of the psbA1 region in the ∆psbA1 strain. (F) Map of the ∆psbA1
K 
plasmid. This 
plasmid was transformed into wild-type Synechocystis 6803, selected and segregated on kanamycin-containing 
media to produce the ∆psbA1
K 
strain. (G) Verification of the ∆psbA1
K
 strain by HindIII/PvuII restriction digest. 
(H) Genomic structure of the psbA1 region in the ∆psbA1
K 
strain. A 384-bp region between the HpaI and BsmI 
sites indicated in Fig 3.8 (A) was deleted and replaced with a 1.2 kb kanamycin-resistance cassette. (I) Colony 
PCR verification of segregation in the ∆psbA1 and ∆psbA1
K 
strains. PCR products were amplified using the 







The truncated psbA1 gene generated in this strain retained only the first 100 codons in the 
ORF followed by the stop codon, a strategy designed to preserve the sequence encoding a 
putative ~150 bp non-coding RNA transcribed from the sense strand of slr1181 (Mitschke et 
al., 2011; Kopf et al., 2014). This RNA was detected at low levels by dRNA-seq, and one of 
the two transcriptional start sites up-stream of psbA1 may stem from this transcriptional 
activity; however, no small ncRNAs could be detected in the pA1::psbA1 strain in aerobic or 
low-oxygen conditions using DIG-labelled riboprobes complementary to this putative 
sequence and the northern blot protocol described in this work. Interestingly, a precedent 
exists for such an interaction: cis-encoded ncRNAs have recently been described which act as 
positive regulators of transcription of the psbA2 and psbA3 genes in Synechocystis 6803 
(Sakurai et al., 2012).  
As an additional control, a deletion strain containing a kanamycin-resistance cassette –
∆psbA1
K
 – was constructed. Briefly, beginning with the same psbA1 clone described in the 
construction of the ∆psbA1-sacB plasmid, a 384 bp region between the unique intragenic 
HpaI and BsmI sites in psbA1 was deleted and replaced with a 1.2 kb kanamycin-resistance 
cassette to produce the ∆psbA1
K 
plasmid (Fig. 3.9(F)). This plasmid was cloned, purified and 
verified by restriction digest (Fig. 3.9(G)) and sequencing before transformation into wild-
type Synechocystis 6803 to produce the ∆psbA1
K 
strain (Fig. 3.9(H)). Successful 
transformants were selected for on BG-11 solid media supplemented with glucose, atrazine 
and kanamycin, and re-streaked until segregation was confirmed by colony-PCR (Fig. 3.9(I)) 
and sequencing.  
 
To delete petC2, a markerless deletion strategy was utilised. A 2.2 kb region, including petC2 
and ~800 bp up- and downstream of the gene, was amplified by PCR and cloned (Fig. 
3.10(A)). A 307 bp region between the unique, intragenic BstEII and BamHI restriction sites 
was deleted and replaced with a 3.8 kb Xba1-Xba1 fragment derived from pRL250 (Fig. 
3.10(B)), and the resultant ∆petC2-sacB plasmid verified by restriction digest and sequencing 
(Fig. 3.10(C)). This plasmid was used to transform wild-type Synechocystis 6803 and selected 
for on BG-11 solid media supplemented with kanamycin. Successful transformants were 
picked and re-streaked until segregation was verified by colony PCR and Southern blot (Fig. 
3.10(D)). This ∆petC2-sacB strain was then used as the background strain for transformation 
using a second, markerless ∆petC2 deletion plasmid, constructed by deleting the same 307 bp 
BstEII-BamHI fragment from the petC2 clone and re-ligating the two sites together to form a 
truncated ~230 nt gene, with no selectable marker (Fig. 3.10(E)). The resultant plasmid was 
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verified by restriction digest (Fig. 3.10(F)) and sequencing and transformed into the ∆petC2-
sacB strain using the longer transformation described in 2.1.4; unsuccessful transformants 
were selected against on BG-11 solid media supplemented with 5% sucrose, glucose and 
atrazine to produce the ∆petC2 strain (Fig. 3.10(G)). Complete segregation of this strain was 
verified by colony PCR and sequencing (Fig. 3.10(H)).  
 
 
Figure 3.10 Construction of the ∆petC2 strain. (A) Genomic structure of the petC2 (slr1185) region showing the 
BstEII, and BamHI sites used for restriction digests. Black bars indicate PCR primers; primers are numbered 
according to Ref# in Table 2.1. The short black bar indicates the binding position of the Southern blot probe; the 
HindIII sites used to fragment the chromosome are indicated. Diagram is to scale; the black bar indicates 1 kb. 
(B) Map of the ∆petC2-sacB plasmid. A 307 bp region in slr1185 has been deleted and replaced with a 3.8 kb 
fragment containing the sacB and a kanamycin-resistance cassette. This plasmid was used to transform wild-type 
Synechocystis 6803, selected for and segregated on media containing kanamycin to produce the ∆petC2-sacB 





2).(D) Southern blot verification of complete segregation in the ∆petC2-sacB strain. Genomic DNA isolated 
from wild type (lane 1) and the ∆petC2-sacB strain (lane 2) was digested overnight with HindIII, fractionated on 
an agarose-TAE gel, blotted onto a membrane and hybridised with DIG-labelled probe specific for petC2 
followed by detection. (E) Map of the ∆petC2 plasmid. This plasmid was used to transform the ∆petC2-sacB 
strain and transformants selected for on sucrose-containing media to produce the markerless ∆petC2 strain. (F) 
Verification of the ∆petC2 plasmid by restriction digestion with TaqI (lane 1). (G) Genomic structure of the 
petC2 region in the ∆petC2 strain. A 307 bp region of slr1185 has been deleted. (H) Verification of the 
markerless ∆petC2 strain. Colony-PCR of the wild type (lane 1) and markerless ∆petC2 strains (lane 2) with 
indicated primers showing band shift, indicating full segregation. 
 
 
To delete the four hypothetical genes in the LOC (slr1182, slr1183, slr1184 and ssr1966), a 
SLIC-based approach was utilised (Li & Elledge, 2007). Briefly, PCR products were designed 
to amplify a ~900 bp region upstream of slr1182 and a ~ 1 kb region downstream of ssr1966, 
and to add ~15 bp sequences complementary to the adjacent component in the final construct 
(Fig. 3.11(A)). These flanking regions were amplified from wild-type Synechocystis 6803 
genomic DNA, along with a 3.8 kb sequence amplified from pRL250 and containing the sacB 
gene and a kanamycin-resistance cassette, and the pUC19 vector plasmid (Fig. 3.11(B)) and 
assembled using SLIC as described in 2.3.11 to produce the ∆LOC-Hyp plasmid (Fig. 
3.11(C)). This plasmid was verified by restriction digestion with PvuII and HindIII (Fig. 
3.11(D)) and sequencing before being used to transform wild-type Synechocystis 6803. 
Successful transformants were selected on kanamycin-containing media, and re-streaked until 
segregation to produce the ∆LOC-Hyp strain (Fig. 3.11(E)). Segregation was verified by 
colony PCR and sequencing (Fig. 3.11(F)).  
  





Figure 3.11 Construction of the ∆LOC-Hyp strain. (A) Genomic structure of the LOC region. Black bars 
indicate PCR primers; numbers refer to Ref# of Table 2.1. Blue arrows indicate primers used to amplify 
components for the SLIC mutagenesis plasmid; amplified regions are indicated by blue bars, and the numbers 
correspond to lanes in (B). Primers are numbered according to Ref# in Table 2.1. All diagrams are to scale; the 
black bar indicates 1 kb. (B) Agarose gel showing the components of the SLIC mutagenesis plasmid. Lanes: M: 
1 kb+ DNA Ladder; 1: Left flank; 2: Right flank; 3: sacB/kanamycin-resistance cassette, amplified from 
pRL250; 4: pUC19 plasmid vector. (C) Map of the ∆LOC-Hyp. Components shown in (B) were assembled by 
SLIC, as described in Materials and Methods. (D) Verification of the ∆LOC-Hyp plasmid by restriction 
digestion with PvuII and HindIII. This plasmid was used to transform wild-type Synechocystis 6803, selected 
and segregated on kanamycin-containing media to produce the ∆LOC-Hyp strain. (E) Genomic structure of the 
LOC region in the ∆LOC-Hyp strain. A 2.2 kb region between psbA1and petC2 has been deleted and replaced 
with a 3.8 kb sequence derived from pRL250, containing sacB and a kanamycin-resistance cassette. (F) 
Verification of the ∆LOC-Hyp strain by colony PCR using the black primers indicated in (A) and (E). Lanes: 1: 






Finally, a strain was constructed in which the entire LOC region was deleted and replaced 
with either a kanamycin- or spectinomycin-resistance cassette. The construction of these 
plasmids has already been detailed by McKay (2010); briefly, a 3.5 kb region between the 
unique, intragenic restriction sites BsmI in psbA1 and BstEII in petC2 (Fig. 3.12(A)) was 
deleted and replaced with either a 1.2 kb kanamycin-resistance cassette to produce the 
∆LOC
K 
plasmid (Fig. 3.12(B)), or a 2.0 kb fragment derived from pHP45 and containing the 
aadA gene encoding spectinomycin-resistance and associated transcriptional elements 
(Prentki & Krisch, 1984) to produce the ∆LOC
S 
plasmid (Fig. 3.12(C)). These constructs were 





successful transformants were selected for on BG-11 solid media supplemented with 
appropriate antibiotics, and verified by colony PCR and sequencing (Fig. 3.12(D)).  
 
 




 strains. The construction of the mutagenic plasmids used to 
create these strains has been detailed previously (McKay, 2010). (A) Genomic structure of the LOC region, 
indicating the BsmI and BstEII sites utilised for mutagenesis. Black bars indicate PCR primers; primers are 
numbered according to Ref# in Table 2.1. (B) Genomic structure of the LOC region in the ∆LOC
K
 strain. A 3.5 
kb region between the BsmI and BstEII sites has been deleted and replaced with a 1.2 kb kanamycin-resistance 
cassette. (C) Genomic structure of the LOC region in the ∆LOC
S
 strain. A 3.5 kb region between the BsmI and 
BstEII sites has been deleted and replaced with a 2.0 kb spectinomycin-resistance cassette. (D) Colony-PCR 




strains, performed using the black primers indicated in (A), (B) and (C). 
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3.4 Physiological characterisation of LOC mutant strains 
3.4.1 Photoautotrophic growth and pigment composition 
Following genotype verification of these mutant strains, their photoautotrophic growth was 
assessed. Liquid cultures (150 mL) including antibiotics where appropriate (but no glucose) 
were incubated in an anaerobic chamber, in either aerobic (non-purged) or low-oxygen 




. Between three and six 
independent biological replicates were analysed. All LOC mutant strains retained the ability 
to grow photoautotrophically in low-oxygen conditions (Fig. 3.13(A)). As described in Fig 
3.2(D), the wild type grew slower in low-oxygen conditions, with a doubling time of 15.2 ± 
0.3 h, compared to 12.8 ± 0.3 h in aerobic conditions (Fig. 3.13(B) and (C); Table 3.1). All 
LOC mutants grew photoautotrophically at slightly slower rates than the wild type in aerobic 
conditions, with the exception of the ∆psbA1 strain, which was similar; doubling times ranged 
from 14.6 h ± 0.5 h for the ∆psbA1
K
 strain to 14.8 h ± 1.0 for the ∆petC2 strain (Fig. 3.13(B) 
and (C); Table 3.1). This suggests that the deletion of the components of the LOC had little 
effect on the physiology of Synechocystis 6803 in aerobic conditions. All LOC mutant strains 
retained the capacity for photoautotrophic growth, with doubling times ranging from 13.5 ± 
0.5 h for the ∆LOC
S
 strain to 17.0 ± 0.7 h for the ∆LOC-Hyp strain (Table 3.1). The genes of 
the LOC are therefore not absolutely required for growth under low-oxygen conditions. The 
increased doubling time (relative to aerobic conditions) observed in the wild type in low-
oxygen was observed in the ∆LOC-Hyp and to a lesser extent in the ∆psbA1 strains; however, 
this effect was not observed for the ∆psbA1
K 
and ∆petC2 strains, and the ∆LOC
S 
strain grew 






Figure 3.13 Analysis of photoautotrophic growth of wild-type and LOC mutant strains. Liquid cultures were 
incubated in an anaerobic chamber for 144 h in aerobic or low-oxygen conditions, and the OD 730 nm  measured 
every 24 h. (A) Photograph of liquid cultures immediately after 144 h of low-oxygen growth. 1: wild type; 2: 
∆psbA1; 3: ∆psbA1
K
; 4: ∆LOC-Hyp; 5: ∆petC2; 6: ∆LOC
S
. (B) Growth of wild type and the ∆psbA1 strains in 
aerobic and (C) low-oxygen conditions. (D) Growth of wild type and the ∆LOC-Hyp, ∆petC2 and ∆LOC
S
 strains 
in aerobic and (E) low-oxygen conditions. Data shown are the mean ± standard error of 3-5 independent 
biological replicates. Symbols: wild type: closed squares; ∆psbA1: open squares; ∆psbA1
K
: open circles; ∆LOC-
Hyp: up triangles; ∆petC2: down triangles; ∆LOC
S
: open diamonds. (F) Reverse-transcriptase PCR confirmation 
of deletion of psbA1and petC2 genes. Lanes: 1: wild type; 2: ∆psbA1; 3: ∆petC2. The rnpB gene is shown as a 
control. (G)Photographs of wild type and LOC mutant strains grown photoautotrophically on solid BG-11 media 
in low-oxygen conditions for 72 h. Starter cultures were diluted to OD 730 nm of 0.01, 0.001 and 0.0001 and 
spotted onto plates.  
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Table 3.1 Doubling times (h) of liquid cultures of wild type and the LOC mutant strains grown 
photoautotrophically in either aerobic or low-oxygen conditions 
 Wild type ∆psbA1 ∆psbA1
K





 12.8 ± 0.3 13.0 ± 0.6 14.6 ± 0.5 14.6 ± 0.4 14.8 ± 1.0 14.7 ± 0.9 
Low-oxygen 15.2 ± 0.3 14.5 ± 0.2 14.7 ± 0.9 17.0 ± 0.7 14.3 ± 0.8 13.5 ± 0.5 
a
 Data shown are the mean doubling times over the first 48 h of growth ± the standard error from 3-5 
independent biological replicates.  
 
Reverse-transcriptase PCR was performed on cDNA synthesised from RNA samples taken 
after 72 h of low-oxygen incubation. While psbA1, petC2 and ho2 were up-regulated in the 
wild type under these conditions, no psbA1 transcript could be detected in the ∆psbA1 strain 
and no petC2 transcript in the ∆petC2 strain (Fig. 3.13(F)), confirming these deletions. Other 
transcripts were detected at wild-type levels in both strains. 
 
An interesting phenomenon was observed, wherein the cells in the wild-type liquid culture 
would adhere to the glass sides of the culture vessel. Figure 3.13(A) shows the wild type and 
the LOC mutant strains in their culture vessels immediately after 144 h growth under low 
oxygen. While the cells of the mutant strains are dispersed evenly throughout their medium, 
the medium containing the wild type appears clear and the cells concentrated at the margins of 
the vessel (wild-type cells were re-suspended before sampling during growth curves so as not 
to affect optical density readings). This phenomenon occurred in at least two of the four 
biological replicates for the wild type. The reason for this behaviour is not known but may be 
related to the extracellular pilins, known to be involved in Chl-protein biogenesis, cell 
motility and extracellular electron transfer (Yoshihara et al., 2001; Lamb et al., 2014; 
Linhartová et al., 2014); the transcript level of the pilA2 gene, encoding one of the main 
components of the type IV pilins, is decreased 1.7 fold under low-oxygen conditions in wild-
type Synechocystis 6803 (Summerfield et al., 2008). To account for this behaviour, the 
photoautotrophic growth of wild type and the LOC mutant strains on solid BG-11 agar plates 
in low-oxygen conditions was analysed (Fig. 3.13(G)). Starter cultures were grown as 
described in 2.1.3, and diluted to OD 730 nm of 0.01, 0.001 or 0.0001 after removal of glucose 
by washing. Ten microlitres of diluted cells was then spotted onto a BG-11 plate with 
appropriate antibiotics but no glucose, and incubated for 72 h under identical conditions to the 
liquid cultures. All strains were capable of photoautotrophic growth under low-oxygen 






From these results it can be concluded that none of the genes in the low-oxygen cluster are 
absolutely required for photoautotrophic growth under low-oxygen conditions in 
Synechocystis 6803. In support of this finding, other research groups have reported psbA1 
deletion strains capable of photoautotrophic growth under low-oxygen conditions (Aoki et al., 
2014).  However, given the inhibition of growth in the wild type under these conditions – 
partially alleviated in the absence of any LOC members – it is conceivable that the genes are 
involved in fine-tuning the growth of wild-type Synechocystis 6803 under low-oxygen 
conditions. Furthermore, in these experiments, cultures were incubated in nutrient-rich media, 
in continuous light and with no biological competition. It is possible that the genes are 
absolutely required under a specific environmental condition not explored in this study.  
 
From previous research it was known that low-oxygen conditions induce alterations in the 
tetrapyrrole biosynthesis pathway in Synechocystis 6803, including the substitution of some 
oxygen requiring enzymes for oxygen-independent isoforms. These are encoded in an operon, 
the transcription of which is activated by an oxygen-sensitive transcriptional activator which 
also binds upstream of psbA1 (Aoki et al., 2012; Ludwig et al., 2014). Whole-cell, room 
temperature absorption spectroscopy was thus performed to assess levels of cellular pigments 
in wild type and the LOC mutant strains after 72 h of photoautotrophic growth in aerobic or 
low-oxygen conditions. All strains retained the typical Chl a absorption maxima for 
Synechocystis 6803, at both 435 and 679 nm, as well as the PBS maxima at 625 nm. As seen 
in Figure 3.2(C), pigment levels in the wild type were decreased slightly when incubated in 
low-oxygen conditions. The ∆psbA1 strain displayed a decreased A679nm/A625nm ratio, which 
was exacerbated in low-oxygen grown cultures, and the Chl emission maxima at 435 nm was 
also reduced relative to wild type in both conditions – suggesting a slight deficiency in Chl a 
biosynthesis in this strain (Fig. 3.14(A) and (B)). The ∆petC2 strain displayed the opposite 
trend: an increased A679nm/A625nm ratio in both aerobic and low-oxygen conditions, with the 
ratio increased further in low-oxygen incubated cultures (Fig. 3.14(A) and (B)). This 
decreased PBS maxima is consistent with that observed by Tsunoyama et al. (2009) in an 
aerobically grown ∆petC2 strain. A nearly identical, proportional decrease in all major 
pigment maxima was observed in the ∆LOCs and ∆LOC-Hyp strains in aerobic cultures (Fig. 
3.14(C)), and pigments for both strains decreased further during low-oxygen incubation than 
was observed in the wild type (Fig. 3.14(D)). 






Figure 3.14 Whole-cell room temperature absorbance spectra of wild type and LOC mutant strains grown 
photoautotrophically for 72 h in aerobic (A and C) or low-oxygen (B and D) conditions. Wild type: black; 
∆psbA1: red; ∆petC2: purple; ∆LOC
S
: blue dashed lines; ∆LOC-Hyp: orange dashed lines. Cultures were grown 




 illumination; spectra shown are representative of at 2-3 independent 






3.4.2 Oxygen evolution and consumption 
The perturbations to whole-cell spectra observed in these strains could be indicative of 
concomitant alterations to the photosynthetic ETC or photosystem stoichiometry. A series of 
physiological experiments was undertaken to assess in detail the effect of low-oxygen 
conditions on the wild type, ∆psbA1 and ∆petC2 strains. Cultures were grown 
photoautotrophically at 25 μE.m-2.s-1 constant white illumination, supplied by a bank of LEDs 
in the photobioreactor, to mid-exponential phase (OD 730 nm 0.6-0.8) and maintained at that 
density for one day (maximum) by the turbidostat function of the photobioreactor. An initial 
(t=0) time-point was analysed, after which low-oxygen conditions were attained within 10 
min by purging with 99% N2:1% CO2. Purging was continued at 2 L.min
-1
 for 10 h, and 
further analyses were performed after 2, 5 and 10 h incubation under low-oxygen conditions.  
 
As an initial measure of photosynthetic activity, oxygen evolution in the wild type,∆psbA1 
and ∆petC2 strains were analysed using a Clark-type electrode. Whole-chain (bicarbonate-
mediated) oxygen evolution was similar between the wild-type and the ∆petC2 strain in both 
aerobic and low-oxygen conditions (Fig. 3.15(A) and (B). The ∆petC2 strain reached a peak 




 after 2 h low-oxygen 
conditions, and was similar for the remainder of the 10 h time-course (Fig. 3.15(C)). Oxygen 
evolution was lower in the ∆psbA1 strain than the wild-type in aerobic conditions, at 153 ± 15 




, respectively (Fig. 3.15(A)). The ∆psbA1 strain 
displayed significantly decreased oxygen evolution after 5 h incubation in low-oxygen 




 (Fig. 3.15(B)) 
Oxygen evolution was significantly lower in the ∆psbA1 strain compared with the wild type at 
all time-points under low-oxygen (Fig. 3.15(C)). Whole chain oxygen evolution was also 
measured in the ∆LOC
S
 strain, which lacks both psbA1 and petC2, and was similar to that 
observed in the ∆psbA1 strain (Fig. 3.15(C)). 
  




Figure 3.15 Oxygen evolution in wild type and the LOC mutant strains. Strains were grown 




illumination and oxygen evolution measured in 
the presence of 15 mM sodium bicarbonate (A-C) or 200 μM DCBQ and 1 mM K3Fe(CN)6(D-F). Representative 
primary data are shown for strains measured after 0 (aerobic) (A, D) and 5 h incubation in low-oxygen 
conditions (B,E). Up arrows indicate the onset of actinic illumination; down arrows indicate the cessation. 
Strains: wild type: black; ∆psbA1: dotted line; ∆petC2: light grey. (C,F) Time-course of oxygen evolution rates 
during a 10 h incubation in low-oxygen conditions. Wild type: closed squares; ∆psbA1: open squares; ∆petC2: 
open triangles; ∆LOC
S
: open diamonds. Data shown are the mean rate of oxygen evolution or uptake ± the 
standard error from 3-4 independent biological replicates (except for ∆LOC
S
, n=2). Asterisks indicate a 
statistically significant difference in the rates between the wild type and the ∆psbA1 strain (C) or the ∆petC2 
strain (F), determined by two-tailed t-test assuming equal variance (p≤0.05). 
PS II-specific (DCBQ-mediated) oxygen evolution was lower in the ∆psbA1 strain than the 





(Fig. 3.15(D). However, this difference was not statistically significant and the two strains 
were similar in low-oxygen conditions (Fig. 3.15(E)). The increase in PS II-specific oxygen 
evolution observed in the wild type after 2 h incubation in low-oxygen conditions was also 














measured for the wild type at this time), and remaining at approximately that rate until the 10 
h time-point (Fig. 3.15(F)).  
 
In aerobic conditions, oxygen evolution was lower in the ∆petC2 strain than in the wild type 




, respectively) (Fig. 3.15(D)). While DCBQ-
mediated oxygen evolution in the wild type peaked after 2 h under low-oxygen, it continued 





 by 5 h (Fig. 3.15(E)). In comparison, the wild type evolved oxygen at a 




 after 5 h. After 10 h incubation in low-oxygen 









 (Fig. 3.15(F)). 
The ∆LOC
S
 strain displayed an intermediate phenotype between the ∆psbA1 and ∆petC2 
strains, with oxygen evolution rate declining after a peak at 2 h but increasing again to reach 




by 10 h (Fig. 3.15(F)). 
 
Some of the observed changes in oxygen evolution rates may be explained by altered 
respiratory activity occurring in the oxygen electrode. Respiration rates of wild type and the 
LOC mutant strains were therefore measured using a Clark-type electrode as used for oxygen 
evolution, except that oxygen consumption was measured in the dark. Samples were shaken 
to re-oxygenate the media before measurement. Respiration rates were similar between wild 





3.16(A)). After 5 h low oxygen incubation, oxygen consumption in the wild-type and ∆petC2 




, respectively (Fig 3.16(A)). 
The ∆psbA1 strain displayed a lower respiration rate than the wild type under aerobic 




) but was significantly higher after 5 h in low-
oxygen conditions (Fig. 3.16(A)). Indeed, respiration rates for this strain almost doubled after 




, declining to 16.9 




 by 5 h and again to essentially zero by 10 h low-oxygen incubation 
(Fig.3.16(B)). From these data it appears the deletion of the psbA1 gene results in a small but 
significant decrease in whole-chain photosynthetic electron transport, as well a significant 
perturbation to the regulation of respiration, under low-oxygen conditions. Deletion of the 
petC2 gene did not result in any noticeable deficit in either oxygen evolution or consumption, 
and in fact resulted in significantly higher rates of electron transport through PS II under low-
oxygen conditions.  





Figure 3.16 Oxygen consumption in wild type and the LOC mutant strains. Strains were grown 




illumination. Strains: wild type: closed squares; 
∆psbA1: open squares; ∆petC2: open up triangles (A) Representative primary data from cultures measured after 
0 (aerobic) and 5 h incubation in low-oxygen conditions (grey and black lines and symbols, respectively). Every 
50
th
 data point is shown for clarity, and linear lines of best fit are shown. (B) Time-course of oxygen uptake rates 
in the dark during a 10 h incubation in low-oxygen conditions. Data shown are the mean ± standard error of the 
mean from 3 independent biological replicates (except for ∆petC2, n=2). Asterisks indicate a statistically 
significant difference in the rates between wild type and the ∆psbA1 strain, determined by two-tailed t-test 
assuming equal variance (p≤0.02). 
3.4.3 Photosystem content and energy transfer 
It is possible that the deletion of psbA1 and/or petC2 results in alterations to the levels or 
stoichiometry of the photosynthetic complexes. Low temperature (77 K) fluorescence 
emission spectroscopy was thus performed to investigate this possibility in greater detail. 
Photoautotrophically growing cultures were sampled in aerobic conditions or after 5 h 
incubation in low-oxygen conditions; samples were illuminated by a 440 nm light to 
specifically excite Chl a, and fluorescence emissions measured between 600-800 nm. All 
strains displayed the typical 725 nm emission, originating from PS I, and the 685 and 695 nm 
emissions likely originating from CP47 and CP43, respectively, of PS II (Fig. 3.17). In the 
wild type, the ratios of 695:725 nm and 685:725 nm were 0.36 ± 0.03 and 0.40 ± 0.05, 
respectively, under aerobic conditions; these increased to 0.43 ± 0.06 and 0.46 ± 0.03 under 
low-oxygen conditions (Fig. 3.17(A), (D) and (E)). The mutant strains did not display this 





slightly higher than that of the wild type in aerobic conditions with 695:725 nm and 685:725 
nm ratios of 0.44 ± 0.03 and 0.47 ± 0.04, respectively, and remained similar when measured 
in low-oxygen conditions, at 0.44 ± 0.05 and 0.47 ± 0.05 (Fig. 3.17(B), (D) and (E)). The PS 
II emissions of the ∆petC2 strain decreased slightly during low-oxygen incubation, from 0.33 
± 0.02 and 0.38 ± 0.01 to 0.31 ± 0.04 and 0.35 ± 0.05 for 695:725 nm and 685:725 nm, 
respectively (Fig. 3.17(C-E)). 
 
 
Figure 3.17 Analysis of photosystem stoichiometry in wild type (A) and the ∆psbA1 (B) and ∆petC2 (C) strains 





illumination, and samples taken for measurement in aerobic conditions (black line) or after 5 h exposure to low-
oxygen conditions (grey line). Samples were excited by a 440 nm light and emissions measured between 600-
800 nm; spectra shown are the average of 4-5 independent biological replicates. Spectra are normalised to the PS 
I emission maxima at 725 nm. (D) Quantification of the ratio between the emission maxima at 695 nm and 725 
nm in aerobic (black) or low-oxygen (grey) conditions. Data shown are the mean ratio ± standard error of 3-4 
independent biological replicates. (E) Quantification of the ratio between the emission maxima at 695 nm and 
725 nm.   





The increase in apparent PS II fluorescence emissions observed in the wild type in low-
oxygen conditions could be indicative of one of three things. The simplest explanation is a 
decrease in the emission maxima of PS I, to which the PS II emissions are normalised and 
possibly stemming from inhibited Chl a biosynthesis. However, when spectra were 
normalised to the emission maxima of an exogenous fluorescence standard (sodium 
fluorescein), no alternations to PS I emission maxima were observed. Increased PS II 
emission maxima could also result from an increase in levels of assembled PS II reaction 
centres in the cells; this is certainly consistent with the increase in the rates of oxygen 
evolution observed in the wild type (Figs. 3.2(A) and 3.15(E)). However, no relative increase 
in 685 nm or 695 nm emission was observed for the ∆petC2 strain despite an almost two-fold 
increase in the rate of PS II-specific oxygen evolution after 5 h in low-oxygen (Fig. 3.15(F)). 
The ∆psbA1 strain also did not show a lower level of PS II centres, which one would predict 
given the significantly decreased rate of oxygen evolution in this strain in low-oxygen 
conditions (Fig 3.15(B)). An alternative explanation for these phenotypes may involve the 
physiological phenomena known as state transitions.  
 
To investigate these phenomena more closely, excitation energy transfer in wild type and the 
LOC mutant strains under aerobic or low-oxygen cultures was analysed using 77 K 
fluorescence emission spectroscopy. Samples illuminated with a 580 nm light to specifically 
excite the phycobilin pigments, and fluorescence emissions measured between 640-800 nm. 
All strains displayed: the typical 725 nm emission, originating from PS I; the large 685 m 
maxima, originating mostly from the terminal emitter PBS linker peptide ApcE (PS II 
components also contribute to this peak but in a minor fashion (Joshua & Mullineaux, 2004)); 
and the 645 and 665 nm maximae originating from the C-phycocyanin (PC) and 
allophycocyanin (APC) emissions, respectively (Fig. 3.18). In the wild type, the ratios of the 
emissions at 665:725 nm and 685:725 nm were 2.17 ± 0.1 and 2.28 ± 0.03, respectively, 
under aerobic conditions; these decreased to 1.97 ± 0.09 and 1.97 ± 0.1 under low-oxygen 
conditions (Fig. 3.18(A), (E) and (F)). As observed with 440 nm excitation energy, neither of 
the mutant strains experienced this shift in emissions as a result of low-oxygen incubation. 
Emissions from the ∆psbA1 strain remained constant at a level similar to that measured for 
wild type in aerobic conditions (Fig. 3.18(B)); those from the ∆petC2 strain resembled the 







Figure 3.18 Analysis of low-temperature (77 K) fluorescence emission from cells excited by 580 nm light. 





illumination and samples taken for measurement in aerobic conditions (black line) or after 5 h 
exposure to low-oxygen conditions (grey line). Emissions were measured between 600-800 nm; spectra shown 
are the average of 3-4 independent biological replicates. Spectra are normalised to the PS I emission maxima at 
725 nm. (E) Quantification of the ratio between the emission maxima at 665 nm and 725 nm in aerobic (black) 
or low-oxygen (grey) conditions. Data shown are the mean ratio ± standard error of 3-4 independent biological 
replicates. (F) Quantification of the ratio between the emission maxima at 685 nm and 725 nm.   
 
These results corroborate the 440 nm excitation data and suggest that PBS excitation energy 
transfer is indeed altered in the wild type under low-oxygen conditions – though in a different 
manner to that measured with a Chl-excitation wavelength of light. This separate 
redistribution of Chl and PBS antennae has been reported before, and complicates the model 
of state transitions in cyanobacteria, but it is likely that both phenomena are driven by the 
same signal (McConnell et al., 2002). It must be noted, however, that despite the similarities 
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of the above phenotypes to classical state transitions, the time-scales do not agree – state 
transitions normally occur in the minute timescale, as a short-term mechanism to optimise 
light energy utilisation (Mullineaux & Emlyn-Jones, 2005), whereas these phenotypes have 
been observed after several hours incubation at low oxygen tension. It could be that the 
adaptations to low-oxygen conditions observed in the wild type resemble the modifications to 
photosynthesis that occur due to state transitions, but the cells are effectively locked in one 
state or the other depending on oxygen levels in their environment. Indeed, it has been well 
documented that anaerobiosis induces a state I – state II transition in cyanobacteria, thus 
favouring excitation energy transfer to PS I (Vernotte et al., 1990). Alternatively, the decrease 
in emission from the terminal emitter could reflect an increase in the proportion of PBS 
antennae coupled to PS II centres.  
 
3.4.4 Chl a fluorescence 
To test this hypothesis further, variable Chl a fluorescence induction of the wild type and the 
LOC mutant strains was analysed. The wild type displayed an increased J transient and more 
prominent I inflection in cells incubated in low-oxygen conditions, compared with those 
incubated in aerobic conditions, as described in Figure 3.2(B) (Fig. 3.19(A)). In the ∆psbA1 
strain, this increased J peak under low-oxygen conditions was not observed (Fig. 3.19(B)). A 
similar J-I level but a slightly lower P peak compared to the wild type was obtained in aerobic 
conditions in this strain. As the fast O-J rise represents the reduction of QA by PS II on the 
microsecond time-scale, these data suggest  perturbations to the redox state of the PQ pool in 
low-oxygen conditions resulting from the absence of psbA1. An increased J level was 
observed in the ∆petC2 strain incubated in low-oxygen relative to the same strain in aerobic 
conditions; however, this strain had reduced overall variable fluorescence in both conditions 








Figure 3.19 Variable Chl a fluorescence induction in wild type and the LOC mutant strains after 0 (aerobic; 
closed squares) or 5 h incubation in low-oxygen conditions (open squares). Strains were grown 




illumination. Samples in the cuvette were maintained 
in microaerobic conditions by the addition of glucose, glucose oxidase and catalase, and induction analysis 
performed in the absence (A-C) or presence (D-F) of 40 μM DCMU. Strains: wild type: (A, D); ∆psbA1: (B, E); 
∆petC2: (C, F). Data shown are the average of 3 independent biological replicates; error bars are omitted for 
clarity but traces were reproducible to within 10%. Traces are normalised to the same initial fluorescence (FO).  
 
The herbicide 3-(3,4)-dichloromethylurea (DCMU) blocks electron transport between the QA 
and QB sites in PS II; as such all electron transport activity downstream of PS II is blocked, 
and the transients produced reflect only electron transport and charge recombination pathways 
within PS II. In the presence of 40 μM DCMU, fluorescence induction still occurred but 
reached a lower level of maximal fluorescence than that obtained in its absence; this level was 
reduced again after 5 h oxygen deprivation in the wild type (Fig. 3.19(D)). Similar results 
were observed in the LOC mutants; however, the maximal fluorescence was lower in aerobic 
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conditions. A reduction in variable fluorescence in the presence of DCMU was observed in 
the ∆psbA1 strain when incubated in low-oxygen conditions (Fig. 3.19(E)); however, this 
effect was not as apparent in the ∆petC2 strain (Fig. 3.19(F)).  
 
Differences between Chl fluorescence characteristics of wild type and the LOC mutant strains 
were further investigated by measuring fluorescence decay after a saturating, single-turnover 
flash. These measurements provide an indirect measure of the kinetics of QA
-
 re-oxidation, 
and can be modelled by three decay phases. The initial fast phase reflects the re-oxidation of 
QA
-
 by bound QB or QB
- 
(de Wijn & van Gorkom, 2001; Cser & Vass, 2007). The middle 
phase, on the millisecond time-scale, incorporates centres in which, at the time of the flash, 
the QB binding site was unoccupied (de Wijn & van Gorkom, 2001). The slow phase of the 
decay arises from the back-reaction between the QA
-
 species and the S2 state of the OEC, and 
occurs over the seconds time-scale (Cser & Vass, 2007; Vass & Cser, 2009).  
 
Fluorescence decay after a saturating, single turnover flash was similar between the wild type 
and ∆psbA1 strain (Fig. 3.20(A)). However, the amplitude of the fast phase of decay in the 
∆petC2 strain was increased by 6% and that of the slow phase decreased by a similar amount; 
the half-times of the mid and slow phases of the decay were also increased (Fig. 3.20(A); 
Table 3.2). This indicates an increased proportion of bound plastosemiquinone in the dark, 
and a decrease in the QB site occupancy of PS II centres in the ∆petC2 strain under low-
oxygen, relative to the wild type. Taken together with the increase in PS II-specific oxygen 
evolution observed in the ∆petC2 strain under low-oxygen conditions (Fig. 3.15(D-F)), this 
suggests that PetC2-containing cytochrome b6f complexes may influence the acceptor-side 
kinetics of PS II by modulating the reduction level of the PQ pool and the availability of free 







Figure 3.20 Chl a fluorescence decay in wild type and the LOC mutant strains after 5 h incubation in low-
oxygen conditions. Decay was measured after a saturating single-turnover flash. The strains were: wild type 
(closed squares) and the ∆psbA1 (open squares) and ∆petC2 strains (open triangles). Decay was measured in the 
absence (A) or presence (B) of 40 μM DCMU or (C) 25 μM DBMIB. (D) Fluorescence decay of the wild type 
(closed symbols) and ∆psbA1 strain (open symbols) in microaerobic conditions (squares) or the presence of 1 
mM KCN (diamonds). Data shown are the average of 3 independent biological replicates (except for 
microaerobic conditions; n=2); error bars are omitted for clarity but traces were reproducible to within 10%. 
Traces are normalised to the same initial fluorescence (F-FO/FM-FO). 
  




   
Table 3.2 Kinetic analysis of Chl a fluorescence decay following a saturating single-turnover flash in the wild 
type and the ∆psbA1 and ∆petC2 strains after 5 h low-oxygen conditions 
 
a
Normalised data were fitted using the equations outlined in Materials & Methods, taken from Vass et al.(1999) 
and 
b
Fufezan et al. (2007). The data shown are the mean values ± the standard error from 3-4 independent 
biological replicates.  
 
In the presence of DCMU the decay of fluorescence occurs as a result of charge-
recombination between the S2/QA
- 
species within PS II (Fufezan et al., 2007). This was 
similar between wild type and the LOC mutants strains, indicating that back charge-
recombination through PS II reaction centres in low-oxygen conditions is not affected by the 
absence of psbA1 or petC2 (Fig. 3.20(B); Table 3.2). The compound 2,5-dibromo-3-methyl-6-
isopropyl-p-benzoquinone (DBMIB) binds to the QO site of the cytochrome b6f complex and 
sterically blocks the binding of PQH2, preventing its oxidation by the Rieske iron-sulfur 
protein (Kallas, 2011). DBMIB can also accept electrons from PS II (Belatik et al., 2013); 5 
mM ascorbate was therefore added to samples to maintain this compound in the reduced state. 
In the presence of 25 μM DBMIB, the fast phase and mid phases of the decay were slower in 
wild type and the LOC mutant strains relative to the same samples with no addition (Fig. 
3.20(C)). In the ∆psbA1 strain the fast phase was much slower and accounted for a smaller 
amplitude of the decay than that in the wild type; the mid phase was also slower (Fig. 
3.20(C); Table 3.2). Controls measured in the absence of ascorbate gave similar results (data 
not shown). This indicates that in the absence of plastoquinol oxidation by the cytochrome b6f 
complex, QA
-
 re-oxidation is slower in the ∆psbA1 strain than the wild type in low-oxygen 
conditions. Oxygen reduction by the terminal respiratory enzymes is likely to be a major 
No addition
a
 Fast phase Mid phase Slow phase 
Wild type 511 μs (± 39)/ 54% (± 1.6) 8.1  ms (± 0.9)/ 27% (± 1.1) 1.3 s (± 0.2)/ 18% (± 2.1) 
∆psbA1 615 μs (±28)/ 53% (± 0.8) 9.8 ms (± 0.8)/ 27% (± 0.7) 1.1 s (± 0.1)/ 20% (± 1.2) 
∆petC2 536 μs (± 25)/ 60% (± 2.1) 12.0 ms (± 1.1)/ 29% (± 0.5) 5.5 s (± 2.1)/ 11% (± 2.6) 
25 μM DBMIBa Fast phase Mid phase Slow phase 
Wild type 775 μs (± 24)/ 44% (± 4.0) 9.9  ms (± 1.7)/ 27% (± 1.4) 0.9 s (± 0.1)/ 29% (± 1.4) 
∆psbA1 965 μs (±33)/ 36% (± 2.6) 11.6 ms (± 0.6)/ 28% (± 0.8) 0.6 s (± 0.1)/ 36% (± 2.0) 
∆petC2 828 μs (± 13)/ 46% (± 0.8) 9.8 ms (± 0.8)/ 28% (± 0.9) 0.8 s (± 0.1)/ 26% (± 1.6) 
40 μM DCMUb Fast phase Slow phase  
Wild type 3.9 ms (± 1.0)/ 18% (± 1.0) 931 ms (± 9)/ 79% (± 1.2)  
∆psbA1 2.8 ms (± 0.3)/ 17% (± 0.3) 918 ms (± 18)/ 81% (± 0.4)  





pathway of cytochrome b6f complex– independent PQ pool oxidation (Aoki & Katoh, 1983; 
Kallas, 2011); this result is thus consistent with the hypothesis of an altered respiratory ETC 
in the ∆psbA1 strain under low-oxygen conditions (Fig. 3.16; Fig. 3.19(B)).  
 
In these fluorescence decay analyses, samples withdrawn from low-oxygen incubated cultures 
were dark-adapted in fully re-oxygenated media. In order to analyse the effect of this short-
term oxygen exposure on fluorescence decay, samples were maintained in microaerobiosis by 
the addition of glucose oxidase, glucose and catalase. This produced a considerable 
retardation of decay in the fast phase, and the oscillatory ‘wave’ phenomenon reported by 
(Deák et al., 2014) was also observed (although with reduced ‘dip’ and ‘rise’ elements, 
probably due to different environmental conditions) (Fig. 3.20(D)). Little difference was 
observed between the fluorescence decay of the wild type and the ∆psbA1 strain in 
microaerobic conditions. Interestingly, the decay in the presence of 1 mM KCN (which binds 
irreversibly to haem and inhibits the reduction of oxygen by the cytochrome c oxidases) also 
displayed a wave-like oscillation which resembled that obtained in microaerobic conditions 
(Fig. 3.20(D)). A similar oscillatory effect was observed in the variable fluorescence 
induction of the wild type strain under low-oxygen conditions, when measured in 
microaerobic conditions (Fig. 3.19(A)) or in the presence of KCN.  
  





Overall, this section aimed to determine the role and function of the genes of the LOC in 
response to low-oxygen conditions. Transcriptional analysis confirmed the up-regulation of 
psbA1, petC2 and the other genes of the LOC previously reported by Summerfield et al. 
(2008) and other groups, and revealed the organisation of their transcripts and their reversible 
regulation by low-oxygen conditions. The lack of low-oxygen-induced expression of LOC 
transcripts detectable by northern hybridisation in the wild type (Fig. 3.6) may be due to 
technical difficulties in attaining intracellular low-oxygen concentrations in this strain using 
our nitrogen-purging experimental system, especially when countering higher levels of 
oxygen-evolving PS II activity at higher light intensities. Indeed, the level of psbA1 transcript 
detected in the pA1::psbA1 strain was slightly decreased, concomitant with the increase in 
oxygen-evolving activity from D1ʹ-containing PS II reaction centres (Fig. 3.7; see chapter 
four), suggesting a high level of sensitivity of this transcript (or its activation by ChlR) to 
intracellular oxygen levels.  
Although not absolutely required for photoautotrophic growth (Fig. 3.13), the data presented 
in this chapter suggest a physiological role for psbA1 and petC2 in Synechocystis 6803 under 
low-oxygen conditions, best described as a modulation of photosynthetic (and in the case of 
psbA1, respiratory) electron transport characteristics. Interestingly, deletion of psbA1 appears 
to affect cellular physiology even in aerobic conditions, including pigment composition (Fig. 
3.14), oxygen evolution and consumption (Figs. 3.15 and 3.16), energy transfer (Figs. 3.17 
and 3.18) and Chl fluorescence (Fig. 3.19). This is consistent with recently published data that 
suggest that psbA1 has a role in resistance to ammonium-induced photodamage to PS II in 
aerobic conditions, despite trace (albeit non-zero) levels of mRNA expression (Drath et al., 
2008; Dai et al., 2014). It is unclear how psbA1 contributes to cellular physiology and 
resistance to photodamage despite low expression levels in aerobic conditions.  
 
It appears that the increased PS II activity, decreased respiration and altered energy transfer 
and Chl fluorescence induction which occurs in the wild type in response to oxygen 
deprivation is abolished by deletion of psbA1 (Figs. 3.15-3.18). This suggests that psbA1 is 
part of an adaptive response to these conditions and may be involved in the down-regulation 
of respiration and up-regulation of PS II activity. The deletion of the psbA1 gene did result in 
subtle modifications in the characteristics of photosynthetic electron transport under both low-





be dysregulated in the ∆psbA1 strain (Fig 3.16). Considering the co-activation of psbA1 and 
the ho2-containing gene cluster by the oxygen responsive ChlR transcription factor (Aoki et 
al., 2012), this result suggests a role for either D1' protein or the psbA1 transcript in the 
regulation of tetrapyrrole biosynthesis under low-oxygen conditions.  
 
There were no observed deleterious effects on photoautotrophic growth under constant light 
resulting from the deletion of psbA1, and LOC knockout strains seem to grow better than the 
wild type in low-oxygen conditions (Fig. 3.13); however, the cells may have additional means 
to produce ATP and continue cell division.  Alternatively, psbA1 may represent part of a 
strategy to survive other stresses which are associated with low-oxygen conditions e.g. high 
concentrations of hydrogen sulfide encountered in certain low-oxygen environments, or the 
nitrate-limiting, mixotrophic and anaerobic conditions encountered by cyanobacteria in 
senescent blooms (Stewart & Pearson, 1970; Belkin et al., 1988; Gutekunst et al., 2014). 
However, preliminary experiments suggested that psbA1 and the LOC genes were dispensable 
for growth in the presence of hydrogen sulfide, high light and combinations of environmental 
stresses, consistent with the lack of up-regulation of any of these genes under common 
environmental stress conditions (Kopf et al., 2014). Future experiments could make use of 
advances in culturing capabilities, e.g. photobioreactors capable of advanced gas and light 
fluctuation regimes, to determine the absolute functional requirements for psbA1 and the LOC 
genes.  
 
While the mRNA levels of petC2 have been shown to increase under low-oxygen conditions 
(Summerfield et al., 2008), only limited up-regulation was observed in this study (Fig. 3.1). 
Nevertheless, deletion of this gene resulted in phenotypes under low-oxygen conditions; 
including increased oxygen evolution from PS II (Fig. 3.15(D-F)) and reduced capacity for 
state transitions (Figs. 3.17 and 3.18). The former phenotype is consistent with the negative 
regulatory role proposed for petC2 by Tsunoyama et al. (2009) and is the first indication that 
this gene may be involved in the regulation of electron transport through not only the 
cytochrome b6f complex but also PS II. The cytochrome b6f complex is involved in sensing 
the redox state of the PQ pool in cyanobacteria, and although the specific sensor component is 
not known, the Rieske ISP is a highly probable candidate as it makes direct physical contact 
with the quinone molecules (Zito et al., 1999; Mao et al., 2002; Kallas, 2011). Perhaps the 
Rieske ISP encoded by petC2 is more effective at sensing changes in the redox state of the PQ 
pool, which would induce state transitions, in conditions where the redox poise has already 
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been altered (such as highlight or low-oxygen). Future work could utilise a ΔpetC1 strain to 
analyse the characteristics of a PetC2-containing cytochrome b6f complex. 
 
Under low-oxygen conditions the expression of the psbA1 mRNA is increased (Figs. 3.1, 3.6 
and 3.7) (Sicora et al., 2009; Summerfield et al., 2008). It has been shown in the pA1::psbA1 
strain that this mRNA is translated into D1ʹ protein and assembled into active D1ʹ- containing 
PS II reaction centre complexes (Summerfield et al., 2008); however, the proportion of these 
complexes in the wild-type PS II pool under low-oxygen conditions is not known and the 
expression of the D1-encoding psbA2 and psbA3 does not seem to change. In the next 
chapters, a functional and proteomic characterisation of the D1ʹ-containing PS II reaction 
centres induced under low-oxygen conditions is undertaken in order to better understand the 







Chapter Four: Characterisation of D1ʹ-containing PS II 
reaction centres induced under low-oxygen conditions 
4.1 Kinetics of assembly and activity of D1ʹ-containing PS II reaction centre 
complexes in response to low-oxygen conditions 
It was established by Summerfield et al. (2008) that the assembly of functional PS II centres 
was induced by low-oxygen conditions in a strain of Synechocystis 6803 containing psbA1 as 
the only psbA gene. In this chapter, the functional characteristics and kinetics of assembly of 
these D1ʹ-containing centres under low-oxygen were characterised in detail. The construction 
of the pA1::psbA1 strain (containing only the psbA1 gene, under its native, low-oxygen 
responsive promoter) has been described in Chapter Three. Incubation of this strain in low-
oxygen conditions induced a ~100-fold up-regulation of psbA1 mRNA (relative to the trace 
levels observed in aerobic conditions) within 2 h, and a return to near-trace levels following 
re-oxygenation of the cultures (Fig. 3.7). In the same experiments, the effect of the transitions 
between aerobic and low-oxygen conditions on PS II activity was monitored by Chl 
fluorescence and oxygen evolution assays.  
Photomixotrophic cultures of the pA1::psbA1 strain prepared as described in Materials and 
Methods, re-suspended in the culture vessel of the photobioreactor at a chlorophyll 
concentration of 3.0 μg.mL
-1





 light for 30 min. A t0 (aerobic) control sample was measured, and low-oxygen 
conditions were induced by purging continuously with 0.1% CO2 in N2; after 5 h, oxygen was 
re-introduced to the cultures by bubbling with air. PS II activity was analysed in samples 
taken from these cultures at t0 (aerobic), t2 and t5 (2 and 5 h after induction of low-oxygen 
conditions, respectively), and t7 and t10 (2 and 5 h after re-introduction of oxygen, 
respectively). Room temperature variable Chl a fluorescence induction was negligible at t0, 
but increased to an FV of ~0.06 at t2 and ~0.12 at t5 (Fig. 4.1(A)). The re-introduction of 
oxygen resulted in a decrease in variable fluorescence to an FV of ~0.10 at t7, and again to 
0.05 at t10.  




Figure 4.1 Time-course of Chl a fluorescence activity in the pA1::psbA1 strain in response to low-oxygen 
conditions. Photoautotrophic cultures (at a Chl a concentration of 3.0 μg.mL
-1
) were incubated in the 




 illumination for 1 h.  A control sample (t0; black 
squares) was taken before low-oxygen conditions were induced by purging constantly with 0.1% CO2 in N2 at a 
rate of ~4 L.min
-1
. Samples were analysed after 2 and 5 h under low-oxygen (t2 and t5; blue and green 
diamonds, respectively). Oxygen was then re-introduced by bubbling with air, and samples taken for analysis 2 
and 5 h after this point (t7 and t10; orange and red squares, respectively). Samples were analysed using room 
temperature variable Chl a fluorescence induction under constant actinic light (A-B) and fluorescence decay 
after a saturating single-turnover flash (C-D). Measurements were made in the absence (A and C) or presence (B 
and D) of 40 μM DCMU, and traces representative of 3 independent biological replicates are shown normalised 






A similar pattern was observed when fluorescence induction was measured in the presence of 
40 μM DCMU, though the FM was much higher, especially at t5 (Fig 4.1(B)). Interestingly, 
the shape of the fluorescence induction curve in the absence of DCMU differed from that seen 
in most strains of Synechocystis 6803, including the wild type: while the O-J rise or 
photochemical phase (corresponding to the light-intensity-dependent reduction of QA by PS II 
centres (Stirbet & Govindjee, 2011)) was present, the I-P rise or thermal phase was absent 
from induction curves measured at all time-points. Such perturbed fluorescence induction 
curves have been observed before, in strains deficient in the manganese-stabilising extrinsic 
PS II protein subunit, PsbO (Summerfield et al., 2013). The origin of the I-P rise in fast 
fluorescence induction transients is unclear but it may relate to complete reduction of a 
heterogeneous pool of QA molecules by PS II activity or changes to the fluorescence capacity 
of PS II by downstream changes in PS I activity (Schansker et al., 2005; Strasserf & 
Srivastava, 1995).   
The increase and decrease of PS II activity in the pA1::psbA1 strain in response to low-oxygen 
conditions was also monitored in the same experiments by measuring the decay of 
fluorescence after a saturating, single-turnover flash. As observed when measuring variable 
fluorescence induction, PS II activity was very low at t0 (Fig 4.1(C)). However it is worth 
mentioning that the fluorescence activity in both analyses was not zero. This background 
activity may be due to contributions from the PBS antennae, PS I or unassembled components 
of PS II (which may be still synthesised in the absence of D1 protein). Very little variable 
fluorescence or decay was observed immediately after a single-turnover flash at t0, as 
observed in strains containing functional PS II centres, but a transient increase in fluorescence 
was observed around 1 s later. A ‘wave’ phenomenon with similar temporal profile has 
recently been observed in a number of cyanobacterial species, and is thought to result from 
transient re-reduction of the plastoquinone pool from stromal components via the NHD-1 
complex (Deák et al., 2014).  
Upon induction of low-oxygen conditions, the amplitude of fluorescence decay increased to a 
maximum FV of ~0.22 after 5 h, and the kinetics resembled those observed in wild-type PS II 
centres despite a lower FV/FM in the pA1::psbA1 strain (0.50 compared with 0.12, 
respectively). The re-introduction of oxygen resulted in a slight decrease in the amplitude of 
decay at t7, and a more noticeable decline by t10. The addition of 40 μM DCMU had no 
effect on fluorescence decay at t0, confirming that the background fluorescence did not 
originate from PS II; addition of DCMU resulted in inhibition of decay at all other timepoints 
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(Fig. 4.1(D)). In addition, the overall amplitude of decay in the presence of DCMU increased 
under low-oxygen, to a peak FV of ~0.28 at t5, and declined upon the re-introduction of 
oxygen. These data were similar to the pattern observed by measuring variable fluorescence 
induction and suggested the assembly of a small number (relative to the wild type) of 
functional D1ʹ-containing PS II centres in response to low-oxygen conditions.  
The overall variable fluorescence induction in the pA1::psbA1 strain was much lower than that 
measured in the wild type, with maximum FV/FM ratios of ~0.15 and ~0.5, respectively (Fig. 
4.1(A-B) versus Fig. 4.2(A-B)). However this does not account for the absent I-P rise, as even 
very dilute samples of wild-type cultures (with a similar FV/FM to the pA1::psbA1 strain) 
retain this behaviour (Fig. 4.2(A)).  
 
Figure 4.2 Chl a fluorescence induction in the wild type at various cell densities. Cells grown in standard growth 
conditions were diluted to a Chl a concentration of 2.5, 2.0, 1.5, 1.0 or 0.5 μg.mL
-1
 (indicated by progressively 
lighter shades of grey). Measurements were made in the absence (A) or presence (B) of 40 μM DCMU, and 
traces representative of 3 independent biological replicates are shown normalised to the same initial fluorescence 
(F-FO).  
Low-oxygen induced, whole-chain photosynthetic activity in the pA1::psbA1 strain was also 
monitored using oxygen evolution assays in the presence of 15 mM sodium bicarbonate. No 
net oxygen evolution was observed at t0; however, after 2 and 5 h of low-oxygen conditions, 





, respectively (Fig. 4.3). Upon re-introduction of oxygen to the cultures, 









at t7 and t10, respectively. These data resemble those obtained by measuring Chl a 
fluorescence and support the concept of a small or weakly active pool of low-oxygen induced 
PS II centres. Interestingly, although the activity of these centres increased from almost zero 
to maximal within 5 h, the re-introduction of oxygen does not completely abolish activity 
within a similar timeframe: approximately half of the maximal fluorescence and oxygen 
evolution activity remains by t10 (Fig. 4.3). As observed in Chapter Three, the pool of psbA1 
mRNA is quickly degraded following re-oxygenation of the culture (Fig. 3.7), yet the activity 
of D1ʹ-containing PS II centres is sustained for several hours; this activity may reflect the 
stability or rate of turnover of D1ʹ.  
 
 
Figure 4.3 PS II activity in the pA1::psbA1 strain in response to low-oxygen conditions. Time-points and 
experimental conditions were as described in Fig. 4.1. The saturated rate of oxygen evolution was measured in 
the presence of 15 mM sodium bicarbonate (closed squares). FV/FM was calculated from the initial fluorescence 
and the maximal fluorescence ~150 μs after a saturating single-turnover flash in the presence of 40 μM DCMU, 
measured with a red measuring flash (open squares). The data shown are the mean value ± the standard error of 3 
independent biological replicates.  
In order to better understand the structure of these D1ʹ-containing PS II centres, assembly of 
centres was assessed using low-temperature (77 K) fluorescence emission spectroscopy. The 
emission spectra of the pA1::psbA1 strain obtained with 440 nm excitation energy (to excite 
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Chl a molecules) at t0 displayed a prominent emission maxima at 685 nm; however, no 
emission was visible at 695 nm (Fig. 4.4(A)). The characteristic PS I emission maxima at 725 
nm was present in this strain at a level comparable to the wild type. Induction of low-oxygen 
conditions resulted in an increase in the 685 nm maxima within 2 h. However, unlike the 
results reported by Summerfield et al. (2008), low-oxygen conditions did not induce the 
formation of any noticeable shoulder at 695 nm, which was ascribed to CP47-containing 
functional PS II complexes. This discrepancy may be due to the different light conditions or 
oxygen concentration between the two sets of experiments in different laboratories. 
Interestingly, re-oxygenation of the cultures did not appear to reverse the increase in the 695 
nm maxima induced by low-oxygen conditions. This is in contrast with the decline in PS II 
activity measurements observed as a result of re-oxygenation and suggests that a reduction in 
activity may precede physical disassembly of the centres. 
 
Figure 4.4 Low-temperature (77 K) fluorescence spectra of the pA1::psbA1 strain in response to low-oxygen 
conditions. Timepoint colours and experimental conditions were as described in Fig. 4.1. Samples were excited 
with light of wavelength 440 nm (A) or 580 nm (B). The average traces from at least four independent biological 
replicates are shown normalised to the PS I emission maxima at 725 nm. The inset in (B) shows the 
quantification and variation of the low-temperature fluorescence emission at 685 nm (F685) when excited with a 
580 nm light (closed squares) and the initial room temperature Chl fluorescence (FO) measured with a red 
measuring flash by a dual modulation fluorometer (open squares). The data shown are the mean value ± the 





A similar effect was observed when analysing the composition of and light energy transfer 
from the PBS antennae, using a 580 nm light to specifically excite phycobilin pigments (Fig. 
4.4(B)). A prominent emission maximum at 685 nm was observed in the pA1::psbA1 strain at 
t0 using this technique, and the relative emissions originating from the PBS at this wavelength 
decreased over the course of the experiment. The PBS terminal emitter /anchor protein ApcE 
emits fluorescence at this wavelength when excited by 580 nm light (Shen et al., 1993; Kondo 
et al., 2007). These data are indicative of a large proportion of uncoupled PBS antennae in 
this strain; a contribution to the emission from unincorporated PS II core antennae cannot be 
excluded, although as there is no broadening of the 695 nm shoulder in these data it is 
unlikely.  
The progressive quenching of 685 nm emissions suggests the coupling of PBS antennae and 
subsequent energy transfer to the nascent PS II centres assembled in response to low-oxygen 
conditions. This is consistent with the initial room-temperature Chl fluorescence (FO) which, 
when measured with a red measuring probe, reflects mostly dissipated energy from uncoupled 
PBS antenna. In these experiments, both FO and F685 decreased by ~20-25% in response to 
low-oxygen conditions, but did not seem to return to their aerobic values in response to re-
oxygenation (Fig. 4.4(B), inset). Therefore the PBS antenna are coupling to the newly-formed 
PS II centres and possibly contributing to their increase in activity in response to low-oxygen 
conditions, but are not uncoupling as the activity reduces in response to re-oxygenation. This 
is consistent with the data obtained using a Chl-specific 440 nm excitation energy and 
suggests that the reduction in PS II activity observed upon re-oxygenation of cultures 
precedes disassembly of the centres.  
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4.2 Photoautotrophic growth and reactive oxygen species generation in a 
strain containing D1ʹ-PS II centres 
A series of experiments were undertaken to determine the kinetics of PS II activity in the wild 
type and the pA1::psbA1 strain over an extended period of low-oxygen incubation, and to test 
if the D1ʹ-containing PS II centres were capable of supporting photoautotrophic growth. 
Photomixotrophic starter cultures were prepared as described in Materials and Methods, and 
re-suspended in the photobioreactor (with appropriate antibiotics) at a lower Chl 
concentration of 1.0 μg.mL
-1




 was used in these 




 failed to induce PS II activity in 
the pA1::psbA1 strain, possibly as a result of the reduced cell shading and thus increased light 
stress. In the wild type, the FV/FM increased slightly to ~0.45 under low-oxygen conditions as 
described in Chapter Three, and declined again to roughly its original value of ~0.40 after 50 
h (Fig. 4.5(A)). A similar increase in whole-chain photosynthetic activity was observed by 
measuring oxygen evolution in the presence of 15 mM sodium bicarbonate, although this 





 (Fig. 4.5(C)). This activity contributed to the sustained photoautotrophic growth of 
the wild-type under both aerobic and low-oxygen conditions over 150 h, though it was much 
slower under these light-limiting conditions than in normal conditions (Fig. 4.5(E)).  
As observed in earlier experiments, PS II activity in the pA1::psbA1 strain increased in 
response to low-oxygen conditions; a peak FV/FM value of ~0.15 was obtained after 10 h low-
oxygen conditions and was maintained at approximately that level for the duration of the 50 h 
experiment (Fig. 4.5(B)). Saturated rates of steady-state oxygen evolution showed a similar 
increase under low-oxygen conditions, but unlike earlier experiments did not reach their peak 




 until 18 h after the onset of purging (Fig 4.5(D)). Rates 
were maintained at approximately this level for the remainder of the experiment. No PS II 
activity was detectable when the same cultures were incubated in aerobic conditions, and the 
optical density of these cultures dropped considerably within a few hours (Fig. 4.5(F)). 
However, while the PS II activity induced under low-oxygen was sufficient to maintain the 
optical density of the pA1::psbA1 strain at approximately the starting value, photoautotrophic 
growth was not observed in these cultures. This suggests that either the low levels of 
assembled PS II centres or some specific defect in the centres prevents photoautotrophic 







Figure 4.5 Simultaneous analysis of growth and PS II activity of the wild type and the pA1::psbA1 strain. (A-D) 
Photosynthetic activity of the wild type (A and C) and pA1::psbA1 strain (B and D) under low-oxygen conditions 
(closed symbols); open symbols in (B) and (D) represent control measurements made in aerobic conditions. 




 constant white light in the photobioreactor and bubbled at 2 L.min
-1
 
with 1% CO2 in either air or N2 (to maintain aerobic or low-oxygen conditions, respectively). Samples taken at 0, 
5, 10, 18, 24 and 48 h were analysed for photosynthetic activity by measuring Chl a fluorescence decay 
following a single-turnover saturating flash (A-B) or oxygen evolution in the presence of 15 mM sodium 
bicarbonate (C-D). The data shown are the mean FV/FM  measured with a blue measuring flash in the presence of 
40 μM DCMU (for A-B) or the mean saturated rate of oxygen evolution (for C-D) ± the standard error for 3 
independent biological replicates. (E-F) Photoautotrophic growth of the wild type (E) and the pA1::psbA1 strain 
(F) over 150 h in aerobic (black) or low-oxygen conditions (grey) was measured at 735 nm; representative data 
are shown. Note the extended scale. 
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 An unexpected observation from these experiments was that although the absolute rates of 
whole-chain oxygen evolution were similar between the wild type and pA1::psbA1 strain 
under low-oxygen conditions (and consistent with measurements made by Summerfield et al. 
(2008)), the FV/FM values were much lower in the pA1::psbA1 strain than in the wild-type 
(Fig. 4.1; Fig. 4.5(A-B)). Considering also the absence of the I-P rise in the fluorescence 
induction curves obtained for this strain (Fig. 4.1(A)) and the inability to support 
photoautotrophic growth despite PS II activity comparable with the wild type (Fig 4.5), this 
raises the possibility that there may be functional differences between the D1ʹ-containing PS 
II centres in the pA1::psbA1 strain and the predominantly D1-containing PS II centres in the 
wild type.  
Previous research had indicated that constitutively-expressed D1ʹ-containing PS II centres are 
less efficient than D1-containing PSII in aerobic conditions, possibly due to slowed P680
+
 





pairs, but are able to support photoautotrophic growth when expressed under the psbA2 
promoter (Salih & Jansson, 1997; Funk et al., 2001; Sicora et al., 2004). However, prior to 
this work, the characteristics of D1ʹ-containing PS II centres assembled under low-oxygen 
conditions had not been investigated in depth. The functional differences between the D1 and 
D1ʹ-containing centres described so far in this work are consistent with earlier observations, 
and it was hypothesised that D1ʹ-containing PS II might generate a different amount of ROS 
due to altered charge-recombination pathways within centres. ROS generation is an inevitable 
consequence of PS II chemistry due to the proximity of Chl molecules and dioxygen produced 
from the OEC (Murata et al., 2012). Singlet oxygen (
1
O2, produced from excitation energy 
transfer and mediated by 
3
P680) and H2O2 (produced from electron transport) are known to 
inhibit PS II repair at the stage of translation elongation in D1 synthesis (Nishiyama et al., 
2004; Kojima et al., 2007). Increased sensitivity to light leads to increased levels of ROS in 
the cells and eventually to photoinhibition of PS II due to an impaired repair cycle (Rehman et 
al., 2013; Tyystjärvi, 2013).  
The transition to anoxia and subsequent return to oxygenated conditions are both thought to 
result in increased ROS production in prokaryotes and eukaryotes (Schmitt et al., 2014). The 
effect of low-oxygen conditions on ROS production and amelioration in cyanobacteria is 
unclear; however, oxygen-dependent mechanisms exist to reduce ROS generation, including 
alternative electron flow to oxygen via the FDPs and/or terminal respiratory enzymes (Lea-
Smith et al., 2013; Shimakawa et al., 2015). In addition, the Gly130-Glu substitution 
characteristic of the D1:2 isoform has been shown to reduce 
1





mutant strain of Synechocystis 6803 (Rehman et al., 2013). It was therefore hypothesised that 
the induction of the D1ʹ protein represents a low-oxygen specific mechanism to regulate ROS 
levels in Synechocystis 6803. 
To test this hypothesis, overall levels of ROS were quantified in vivo using the fluorescent 
probe 5-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; 
chloromethyl derivative). The wild type and the ∆psbA1 strain had similar levels of ROS in 
aerobic conditions, and the absence of oxygen also had little impact on ROS levels for either 
of these strains (Fig. 4.6). ROS were present in the pA1::psbA1 strain at almost double the 
level observed in the wild type under low-oxygen conditions. This suggests that the abolition 
of photoautotrophic growth in the pA1::psbA1 strain occurs due to an increased level of ROS 
production by its D1ʹ-containing PSII centres, and consequently increased damage to cellular 
components and processes such as translation. However, given the consistency in ROS levels 
between the wild type and the ∆psbA1 strain in both aerobic and low-oxygen conditions it is 
unlikely that this relates to the primary function of psbA1. Instead, the increase in apparent 
ROS levels in the pA1::psbA1 strain may reflect a decrease in ROS-ameliorating mechanisms 
relative to the wild type: the pA1::psbA1 strain is an obligate heterotroph and has no PS II 
activity in aerobic conditions, which may lead to lower production of ROS and a down-
regulation of the mechanisms normally involved in dissipating or absorbing such species 
(Latifi et al., 2008; Schmitt et al., 2014).  




Figure 4.6 Quantification of ROS accumulation in the wild type (black), ∆psbA1 (light grey) and pA1::psbA1 
strains (dark grey) under aerobic (hashed) or low-oxygen conditions (filled). Cultures were incubated in the 
anaerobic chamber in aerobic conditions or for 5 h under low-oxygen conditions, and cells incubated with 10 μM 
CM-H2DCFDA for 25 min to allow cell permeation. The data shown are the mean normalised fluorescence 
values obtained from 3 independent biological replicates.  
4.3 Construction of the pA1::psbA2 strain 
At this point in the investigation it became apparent that the phenotypes observed in the 
pA1::psbA1 strain could result either from the low levels of assembled D1ʹ-containing PS II 
centres or specific functional impairments or modifications to PS II, inherent in the amino 
acid sequence of the incorporated D1ʹ protein. To resolve this ambiguity a strategy was 
devised in which a control strain was created and characterised in detail, in parallel with the 
pA1::psbA1 strain. A direct control for the pA1::psbA1 strain would be a strain in which the 
psbA2 mRNA was expressed from the promoter which drives the expression of the psbA1 





complexes and allowing a more accurate comparison of these low-oxygen induced PS II 
centres. An alternative strategy involved expressing the psbA1 mRNA from the constitutive 
psbA2 promoter, and is described in Chapter Five. 
To create a strain in which psbA2 was expressed from the low-oxygen responsive psbA1 
promoter, an overlap-extension or fusion-PCR approach was utilised (Szewczyk et al., 2006; 
Nagarajan et al., 2011). This involved designing primers to amplify regions of interest and 
introduce a 10 to 15 bp sequence corresponding to what would become the adjacent region in 
the final construct. Therefore, following the primary PCR amplification from an appropriate 
template, two adjacent fragments would contain 20-30 bp of direct sequence 
complementarity. In a subsequent overlap-extension PCR reaction, self-ligation of the 
complementary sequences during thermal cycling would effectively cause the fragments to be 
fused as a single template which could then be amplified as a single product using nested 
primers, binding at the far 5’ and 3’ ends of the outer fragments of the template.  
To create the pA1::psbA2 strain, four primary fragments were amplified from genomic DNA 
using a high-fidelity DNA polymerase: a ~1 kb left flank, containing the ChlR binding site 
(Aoki et al., 2012), psbA1 -10 and -35 elements, transcriptional start sites and up to the -1 
position of psbA1 (Fig. 4.7(A), fragment 1); the entire 1083 bp slr1311 ORF and 100 bp 
downstream, including a transcriptional terminator as predicted by ARNold (Gautheret and 
Lambert 2001; Macke et al., 2001) (Fig. 4.7 (B), fragment 2); a 2.0 kb spectinomycin-
resistance cassette containing the aadA gene and associated regulatory elements (Fig. 4.7(C), 
fragment 3); and a right flank containing the ~1 kb downstream of psbA1, including the entire 
slr1182 and part of the slr1183 ORF (fragment 4). These fragments were ligated together in 
order using overlap-extension PCR and used to generate the pA1::psbA2 strain (Fig 4.7(D-I)).  
  





Figure 4.7 Construction of the pA1::psbA2 strain. (A) Genomic structure of the psbA1 (slr1181) region. Blue 
arrows indicate primers used to amplify primary PCR products for overlap-extension PCR mutagenesis, and blue 
lines indicate their products (numbers refer to the lanes in (C)); black primers indicate those used to generate the 
overlap-extension product shown in (D). All diagrams are to scale; black bar indicates 1 kb. Primers are 
numbered according to Ref# in Table 2.1. (B) Genomic structure of the psbA2 (slr1311) region. Blue arrows 
indicate primers used to amplify primary PCR product for overlap-extension PCR mutagenesis, and blue line 
indicates their product containing the psbA2 gene (number refers to the lane in (C)). (C) Amplification of the 
primary PCR products for overlap-extension PCR. Lanes: M: 1kb Plus DNA molecular ladder; 1: Left flank 
(containing psbA1 promoter); 2: psbA2 gene; 3: specR cassette (amplified from pUC19-specR); 4: Right flank 
(containing slr1182 etc). (D) Amplification of 4540 bp overlap-extension PCR product using primers indicated 
in (A). This product was A-tailed and ligated into pGEM-T Easy to create the psbA2:pA1 plasmid shown in (E). 
(E) Structure of the psbA2:pA1 plasmid. This plasmid was transformed into the ∆psbA strain and selected for by 
resistance to spectinomycin and chloramphenicol to produce the pA1::psbA2 strain. (F) Verification of 
psbA2:pA1 plasmid by restriction digestion with PvuII and HindIII. (G) Genomic structure of the pA1::psbA2 
strain. Black arrows indicate primers used to generate the colony-PCR products shown in (H). (H) Colony PCR 
of the wild-type (lane 1) and the pA1::psbA2 strain (lane 2). (I) Sanger sequencing of the pA1::psbA2 colony PCR 





4.4 Characterisation of strains containing low-oxygen-induced PS II centres 
Following verification of the genotype of the pA1::psbA2 strain, its photoautotrophic growth 
under low-oxygen conditions was assessed. Cultures of the wild type and the pA1::psbA1 and 
pA1::psbA2 strains were prepared as described in Materials and Methods. As previously 
demonstrated, the wild type grew with an increased doubling time of ~15 h (compared with 
~13 h for aerobic conditions) (Fig. 4.8(A)). However, neither the pA1::psbA1 nor the 
pA1::psbA2 strains were capable of photoautotrophic growth under these conditions, and 




Figure 4.8 (A) Photoautotrophic growth of the wild type (closed black squares) and the pA1::psbA1 (open 
squares) and pA1::psbA2 strains (closed grey squares). Cultures were incubated in low-oxygen conditions 
(produced by purging with 1% CO2 in N2 at 2 L.min
-1
) and illuminated with 40 μE.m-2.s-1 constant white light, 
and optical density measured spectrophotometrically at 730 nm every 12 h for 72 h. The data shown are the 
mean OD 730 nm ± the standard error of 3 independent biological replicates. (B) Whole-cell absorption 
spectroscopy of strains after 72 h photoautotrophic growth in low-oxygen conditions. Representative spectra are 
shown normalised to 750 nm. The strains were: wild type (dotted black line) and the pA1::psbA1 (solid black 
line) and pA1::psbA2 strains (solid grey line). 
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At the end of the growth period, 50 mL of each culture was harvested and concentrated, and 
the room-temperature whole-cell absorption spectra were recorded. Wild-type Synechocystis 
6803 retained the typical Chl a, phycobilin and carotenoid absorption maxima under these 
conditions (Fig. 4.8(B)). Both the pA1::psbA1 and pA1::psbA2 strain showed altered pigment 
composition compared to the wild type, though they were similar to one another. The Chl a 
absorption maximum at 679 nm was reduced by ~40% relative to the wild-type in both 
strains, while the corresponding maximum at 435 nm was increased by ~20%. Notably, the 
carotenoid shoulder at 475-520 nm was also increased by a considerable amount in the 
pA1::psbA1 and pA1::psbA2 strains relative to wild type, though this may have been an 
artefact of normalisation to 750 nm and decreased culture turbidity. The phycobilin absorption 
maxima at 625 nm were similar between the wild type and the mutant strains. From previous 
experiments it was known that a large proportion of the PBS antennae were uncoupled in the 
pA1::psbA1 strain, even after the up-regulation of D1ʹ-PSII under low-oxygen conditions (Fig. 
4.4(B)). However, it seems that this low proportion of coupled PBS antennae does not result 
in the down-regulation of the PBS antennae in this strain or the pA1::psbA2 strain. 
To further examine the pigment-protein complexes in these strains, low-temperature (77 K) 
fluorescence emission spectroscopy was performed. Cultures of the wild type and the 
pA1::psbA1 and pA1::psbA2 strains were prepared and incubated in low-oxygen conditions as 
described in Materials and Methods. Upon excitation of Chl a with a 440 nm light, the wild 
type measured under low-oxygen conditions displayed increased PS II emissions at 685 and 
695 nm relative to that measured in aerobic conditions (Fig. 4.9(A)). In aerobic conditions, 
both the pA1::psbA1 and pA1::psbA2 strains displayed a large increase in the 685 nm emission 
maxima, likely stemming from unincorporated PS II assembly pre-complexes, as well as an 
absence of the 695 nm CP47 emission maxima (Fig. 4.9(B) and (C)) (Komenda et al., 2012). 
However, after 5 h incubation in low-oxygen conditions, a small shoulder appeared at 695 nm 
in both strains, consistent with the assembly of a low number of mature, CP47-containing PS 
II complexes. Emissions from PS II and PS I in the wild type and the pA1::psbA1 strain both 
increased (relative to the fluorescein standard) as a result of low-oxygen incubation. The 
reasons for these increases are not clear; however, as the measurements were made 5 h apart, 
they may represent increases in photosystem content on a per-cell or per-mg Chl basis over 
course of the experiment. The PS II: PS I emissions ratio was higher in the pA1::psbA2 strain, 
and the increase in PS I / PS II emissions during low-oxygen incubation was not observed in 







Figure 4.9 Low-temperature (77 K) fluorescence absorption spectroscopy of the wild type (A and D), 
pA1::psbA1 (B and E) and pA1::psbA2 strains (C and F). Cultures were grown photomixotrophically to mid-
exponential phase in standard growth conditions, washed of glucose and re-suspended at 2.5 μg.mL-1 Chl a. 
After ~30 min incubation in aerobic conditions, a control measurement was made (black lines); samples were 
illuminated with 440 nm (A-C) or 580 nm excitation energy (D-F). Low-oxygen conditions were then achieved 
by constantly purging the cultures with 1% CO2 in N2, and spectra measured after 5 h (grey lines). 
Representative spectra are shown normalised to the fluorescein emission maximum at 507 nm (A-C), or to the 
phycocyanin emission maxima at 665 nm (D-F).  
 
Fluorescence emission in these strains was also analysed after excitation with 580 nm light. In 
the wild type, emissions at 685 nm originating from the ApcE terminal emitter decreased 
slightly under low-oxygen conditions relative to the aerobic control, consistent with previous 
observations (Fig. 4.9(D)). In both the pA1::psbA1 and pA1::psbA2 strains, prominent 
emission maxima were observed at 685 nm in aerobic conditions, which then decreased by 
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approximately 20% in response to low-oxygen conditions (Fig. 4.9(E) and (F)). This is 
consistent with the data in Figure 4.4 and suggests that a large pool of uncoupled PBS exist in 
these strains, and that a small proportion of them become coupled to PS II centres upon 
induction of low-oxygen conditions. The emission maxima at ~650 nm were also slightly 
reduced in both of these strains compared to wild type; this emission is thought to originate 
from the C-phycocyanin pigments of the PBS, and may be influenced by coupling to reaction 
centres (Kondo et al., 2007; Watanabe et al., 2014). Therefore it appears that expression of 
the psbA2 gene at the psbA1 locus results in the assembly of PS II centres and coupling to 
PBS in response to low-oxygen conditions, in a similar manner to the pA1::psbA1 strain.  
To confirm the assembly of reaction centre complexes in the pA1::psbA2 strain in response to 
low-oxygen, PS II activity was assessed using oxygen evolution. In the presence of sodium 
bicarbonate, the pA1::psbA2 strain appeared to initially evolve oxygen at a faster rate than the 
wild type or the pA1::psbA1 strain (Fig. 4.10(A)). However, after around a minute of actinic 
illumination, oxygen evolution decreased suggesting an increased effective light intensity and 
photoinactivation of PS II centres; a similar phenomenon was observed in the pA1::psbA1 
strain (Fig. 4.10(A)). In contrast, the wild type evolved oxygen at a near-constant rate of 302 




 (Fig. 4.10(D)). Over the first minute, the pA1::psbA1 and 






PS II-specific oxygen evolution was assessed in these strains in the presence of the artificial 
quinones, DMBQ and DCBQ, along with the oxidising agent potassium ferricyanide. Control 
measurements made in aerobic conditions showed that while the wild type evolved oxygen in 
the presence of DMBQ, only oxygen consumption by respiratory mechanisms was observed 
in the pA1::psbA1 and pA1::psbA2 strains (Fig. 4.10(B)). In some experiments a very small, 
transient increase in oxygen evolution at the onset of actinic illumination was observed in the 
aerobically-incubated pA1::psbA2 strain (data not shown). After 5 h incubation in low-
oxygen, PS II-specific oxygen evolution was observed in both the pA1::psbA1 and pA1::psbA2 
strains; again, this activity declined after ~1 min of exposure to saturating intensities of red 
actinic light, especially in the latter. Initial rates of oxygen evolution were similar between the 










, similar to that measured in aerobic conditions, and this activity did not appear to be 






Figure 4.10 Oxygen evolution in the wild type and the psbA mutant strains of Synechocystis sp. PCC 6803 
incubated under low-oxygen conditions. Cultures were prepared as described for Fig. 4.9 and oxygen evolution 
measured in the presence of 15 mM sodium bicarbonate (A and D), 200 μM DMBQ and 1 mM K3Fe(CN)6 (B 
and D) or 200 DCBQ and 1 mM K3Fe(CN)6 (C and F). The strains were: wild type (dotted black lines) and the 
pA1::psbA1 (solid black line) and pA1::psbA2 strains (solid grey line). Representative primary data are shown, 
and traces obtained from control cultures incubated in aerobic conditions are shown as dashed lines in (B). Up 
arrows indicate the onset and down arrows indicate the cessation of actinic illumination. (C-F) Saturated rates of 
oxygen evolution over the first 60 s of actinic illumination; data shown are the mean rate ± the standard error for 
3 independent biological replicates.  
Oxygen evolution was also measured in these strains in the presence of the artificial quinone 
DCBQ, which may have an increased ability to oxidise the PQ pool or replace the native QB 
molecule in PS II relative to DMBQ (Srivastava et al., 1995). Photoinactivation was again 
observed in the pA1::psbA1 and pA1::psbA1 strains under low-oxygen, and both strains 
evolved less oxygen than the wild type, suggesting a lower level of assembled PS II centres in 
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these strains (Fig. 4.10(C)). Saturated rates of oxygen evolution were 604 ± 50, 209 ± 48 and 




for the wild-type, pA1::psbA1 and pA1::psbA2 strains, 
respectively (Fig. 4.10(F)). These measurements are consistent with the assembly of a small 
number of functional, D1-containing PS II centres in the pA1::psbA2 strain in response to 
low-oxygen. The oxygen evolution activity of these centres was similar to the D1ʹ-containing 
centres induced in response to low-oxygen conditions in the pA1::psbA1 strain. 
In order to further characterise the low-oxygen induced D1- and D1ʹ-PSII centres, room 
temperature variable Chl a fluorescence induction was analysed. Cultures of the wild type and 
the pA1::psbA1 and pA1::psbA2 strains were prepared and low-oxygen conditions induced in a 
similar manner to that described for 77 K and oxygen evolution above, and fluorescence 
induction measured in dark-adapted samples. In aerobic conditions, variable fluorescence 
induction in the wild type displayed the typical OJIP transient for Synechocystis 6803, with an 
FV of approximately 0.5 (Fig. 4.11(A)). In the pA1::psbA1 strain no variable fluorescence was 
observed under the same conditions, consistent with the absence of PS II-specific oxygen 
evolution (Fig. 4.11(B)). However, a very small amount of variable fluorescence was 
observed in the pA1::psbA2 strain under the same conditions, consistent with the transient, 
low-level burst of DMBQ-mediated oxygen evolution. This variable fluorescence had an FV 
of approximately 0.03, and suggests the presence of a very low level of readily 
photoinactivated PS II centres in the pA1::psbA2 strain in aerobic conditions. In both strains, a 
slight decrease in fluorescence below the starting level was observed at around 2 s after the 
onset of actinic illumination; however, this may be related to the movement of PBS antennae 
rather than a PS II-specific effect (Jackson et al., 2014). A similar pattern was observed in the 
presence of 40 μM DCMU, with very little variable fluorescence in both psbA mutant strains 







Figure 4.11 Variable Chl a fluorescence induction in the wild type (closed black squares) and thepA1::psbA1 
(open grey squares) and pA1::psbA2 strains (closed light grey squares). Cultures were prepared as described for 
Fig. 4.9 and fluorescence induction measured in the absence (A and C) or presence of 40 μM DCMU (B and D) 
with a blue measuring flash. Samples were taken before (A and B) or after 5 h incubation in low-oxygen 
conditions (C and D) and induction data representative of 3 independent biological replicates are shown 
normalised to the same initial fluorescence (FO).  
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After 5 h of low-oxygen incubation, variable fluorescence induction in the wild type 
displayed a similar OJIP transient to that measured under aerobic conditions, though the P 
peak increased to ~0.45 from ~0.55 (Fig. 4.11(C)). Consistent with the low-temperature 
emission spectra and oxygen evolution data, the variable fluorescence activity of the 
pA1::psbA1 and pA1::psbA2 strains increased to around ~20% of the wild type (with an FV of 
~0.1 and ~0.08, respectively). A small I-P rise was observed at around 0.5 s after the onset of 
actinic illumination in the pA1::psbA2 strain, which was not present in the pA1::psbA1 strain. 
These strains also displayed an increased variable fluorescence in the presence of DCMU, 
which was more pronounced in the pA1::psbA2 strain, with an FV of ~0.18 (Fig. 4.11(D)). The 
extent of the variable fluorescence in the presence of DCMU may reflect levels of assembled 
PS II reaction centre complexes, and this result suggests that even when the respective 
mRNAs are expressed from the same promoter, PS II activity per cell is higher in the 
pA1::psbA2 strain than in the pA1::psbA1 strain. Lower PS II activity per cell may also 
contribute to the loss of the I-P rise from the fluorescence induction of the pA1::psbA1 strain. 
Alternatively, these characteristics could be due to differences between the quantum yield of 
fluorescence of D1- and D1ʹ-containing PS II centres, or a more rapid oxidation of the PQ 
pool by the respiratory ETC or PS I in the D1ʹ-containing strains. 
The fluorescence characteristics of these strains were further analysed by measuring Chl a 
fluorescence decay after a saturating, single-turnover flash. Control measurements performed 
on mutant strains revealed no fluorescence decay in aerobic conditions, as expected from 
previous measurements. In the wild type, kinetics of forward electron transport were similar 
between aerobic control samples and after 5 h incubation in low-oxygen conditions; both 
samples displayed a fluorescence decay which was sufficiently modelled by two exponential 
curves and one hyperbolic element, as described in Materials and Methods (Fig. 4.12(A)). 
However, in the presence of 40 μM DCMU, a decrease in the half-time was observed in low-
oxygen incubated wild-type cells relative to the aerobic control (Fig. 4.12(B) and Table 4.1). 
Such modulations have been measured before in wild-type cells in response to low-oxygen 
conditions, although previous research reported the opposite effect – a slower fast phase, and 
a faster slow phase (Sicora et al., 2009). However, the previous results were obtained by 







Figure 4.12 Chl a fluorescence decay after a saturating single-turnover flash. Cultures were prepared as 
described for Fig 4.9 and fluorescence decay measured in the absence (A and C) or presence of 40 μM DCMU 
(B and D) with a blue measuring flash. (A and B) Wild type cultures were incubated in aerobic conditions (open 
triangles) or low-oxygen conditions (closed black squares) for 5 h before analysis. (C and D) The wild type 
(closed black squares) and the pA1::psbA1 and pA1::psbA2 strains (open squares and closed grey squares, 
respectively) were analysed after 5 h low-oxygen incubation. The average traces from at least 3 independent 
biological replicates are shown normalised to 1 for comparison. 
Consistent with previous experiments, fluorescence decay from PS II centres was observed in 
the pA1::psbA1 and pA1::psbA2 strains after 5 h incubation in low-oxygen conditions. The 
kinetics of forward electron transport were similar between the wild type and the two mutant 
strains, though the pA1::psbA2 strain displayed shorter half-times for all three components of 
the decay than either of the psbA1-containing strains (Fig. 4.12(C)). In the presence of 40 μM 
D1ʹ-PS II in low-oxygen 
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DCMU, a number of differences were visible between the three strains (Fig. 4.12(D)). 
Compared to the wild type, the amplitude of the fast phase of the decay phase was much 
larger in the pA1::psbA2 strain, and displayed a decreased half-time (Table 4.1). In the 
pA1::psbA1 strain, the fast phase was faster again and accounted for a larger amplitude of the 
decay. Both the pA1::psbA2 and pA1::psbA1 strains displayed a decrease in the amplitude of 
the slow component of the decay as a result of the increased amplitude of the fast component, 
although the half-times were similar.  
Table 4.1 Kinetic analysis of Chl a fluorescence decay
a 
following a saturating single-turnover flash in the wild 
type and thepA1::psbA1 and pA1::psbA2 strains in low-oxygen conditions 
No addition
b
 Fast phase Mid phase Slow phase 
Wild type (+O2) 374 μs (± 35)/ 60% (± 0.8) 4.7  ms (± 0.4)/ 31% (± 0.5) 3.9 s (± 1.4)/ 10% (± 0.9) 
Wild type (-O2) 350 μs (± 19)/ 62% (± 1.0) 5.6 ms (± 0.3)/ 27% (± 0.9) 6.4 s (± 0.7)/ 11% (± 0.2) 
pA1::psbA1 421 μs (± 46)/ 61% (± 0.8) 4.9 ms (± 1.0)/ 27% (± 3.9) 3.6 s (± 0.9)/ 12% (± 0.6) 
pA1::psbA2 224 μs (± 27)/ 54% (± 3.0) 2.5 ms (± 0.4)/ 33% (± 1.9) 1.5 s (± 0.5)/ 13% (± 1.3) 
40 μM DCMUc Fast phase Slow phase  
Wild type (+O2) 15.5 ms (± 2.3)/ 8% (± 0.3) 1.1 s (± 0.1)/ 92% (± 0.3) - 
Wild type (-O2) 3.6 ms (± 0.1)/ 7% (± 0.1) 1.0 s (± 0.1)/ 93% (± 0.1) - 
pA1::psbA1 1.1 ms (± 0.1)/ 24% (± 2.9) 1.2 s (± 0.1)/ 76% (± 2.8) - 
pA1::psbA2 1.4 ms (± 0.5)/ 15% (± 2.0) 1.1 s (± 0.1)/ 85% (± 2.0) - 
a
Fluorescence decay was measured following a saturating single-turnover flash in the wild type (in aerobic (+O2) 
and low-oxygen conditions (-O2)) and the pA1::psbA1 and pA1::psbA2 strains (under low-oxygen conditions). 
b
Normalised data were fitted using the equations outlined in Methods & Materials, taken from Vass et al. (1999) 
and 
c
Fufezan et al. (2007)and the data shown are the mean values ± the standard error from 3 independent 
biological replicates. 
In the presence of DCMU, which blocks electron transfer between QA
-
 and QB, the fast phase 
of chlorophyll decay is thought to originate from charge recombination between QA
-
 and the 
S2 state of the OEC (Fufezan et al., 2007). The data presented show an increased 
predominance of this component in centres which have been expressed from the low-oxygen 
responsive promoter and assembled under low-oxygen conditions. This suggests that some 
modification to charge recombination within PS II occurs in these centres, either as a result of 
physiological modification of electron transport due to low-oxygen conditions or some defect 
in assembly.  
Indeed, one explanation for the data is that, in the pA1::psbA2 and pA1::psbA1 strains, there 
may exist a larger pool of PS II centres in the in which the OEC has not yet been fully 
photoactivated. This may lead to an increased charge recombination between the oxidised 
TyrZ radical and QA
-
, and has been observed before in strains which possess low levels of PS 
II (Nixon & Diner, 1992; Jackson et al., 2014). These data suggest that, under control of the 





and this may favour the accumulation of centres with an inactive OEC when cells are grown 
in photoautotrophic conditions.   
This supports the earlier observation that subtle differences in activity exist between D1- and 
D1ʹ-containing PS II centres even when the corresponding mRNAs are expressed from the 
same low-oxygen responsive promoter.  
4.5 Discussion 
In the previous chapter it was shown that transcription of the D1ʹ-encoding psbA1 gene was 
reversibly induced under tight regulation by low-oxygen conditions. Similarly, in this chapter 
it was shown that the activity of the D1'-containing PS II reaction centres was also reversibly 
induced, and that this activity differed considerably from that of the wild-type under the same 
conditions. The pA1::psbA1 strain (in which psbA1 is the only psbA gene, expressed from its 
native promoter) showed reduced levels of PS II activity and was unable to grow 
photoautotrophically under any conditions; expression of the D1-encoding psbA2 gene from 
the same promoter resulted in a strain with similar phenotypes.  
The low levels of PS II activity resulting from psbA1 gene expression from its native 
promoter suggest that D1'-containing reaction centres would not be the dominant type of PS II 
centre in the wild type under low-oxygen conditions; rather they would form a small, 
complementary population of centres. Furthermore, considering the subtle differences in 
electron transport between D1- and D1'-containing reaction centres, and the modulations to 
photosynthetic and respiratory electron transport that occur in the absence of psbA1 
(described in chapter three), it was hypothesised that the role of D1'-containing centres may 
be to regulate the function of the D1-containing majority of the PS II population.  
The mechanism by which this putative regulatory activity might be exerted is not immediately 
obvious; however, PS II reaction centres containing the D1ʹ protein appear to have altered Chl 
fluorescence and electron transport characteristics, including a decreased quantum yield of 
fluorescence and faster back charge-recombination within centres, and may be assembled to 
lower levels than their D1-containing counterparts. Therefore, it is possible that the 
hypothesised regulatory activity of these PS II centres is intrinsic to the properties of the D1ʹ 
protein subunit. In the next chapter these phenotypes are explored further, and a biochemical 





Chapter Five: Assembly and function of D1ʹ-containing    
PS II reaction centre complexes 
5.1 Construction and characterisation of the pA2::psbA1 and pA2::psbA2 
strains 
The low-oxygen induced psbA1 gene has been shown in this work to be incorporated into low 
levels of functional PS II complexes with unusual characteristics and impaired electron 
transport. By comparing the pA1::psbA1 and pA1::psbA2 strains, it has been demonstrated that 
the low levels of low-oxygen-induced PS II reaction centres per cell influence their oxygen 
evolution and Chl a fluorescence characteristics; however, specific differences were observed 
between D1- and D1ʹ-containing centres which could not be explained by lower numbers of 
centres. 
In order to further characterise these aberrant reaction centres, a strain was constructed in 
which psbA1 was artificially expressed from the constitutive, highly active psbA2 promoter. 
This would allow analysis of D1ʹ-containing PS II centres without the potential introduction 
of confounding variables by the low-oxygen incubation necessary to induce expression. 
Construction of the pA2::psbA1 strain was undertaken using an overlap-extension approach. 
Four primary fragments were amplified from genomic DNA using a high-fidelity DNA 
polymerase: a ~1 kb left flank, containing the psbA2 promoter elements, transcriptional start 
sites and ribosome binding site (Fig. 5.1(A), fragment 1); the entire 1083 slr1181 ORF and 
100 bp downstream including a transcriptional terminator as predicated by ARNold 
(Gautheret & Lambert 2001; Macke et al., 2001) (Fig. 5.1(B), fragment 2); a 2.0 kb 
spectinomycin-resistance cassette, containing the aadA gene (Fig. 5.1(C), fragment 3); and a 
right flank containing the ~1 kb downstream of psbA2 including most of the speA ORF 
(fragment 4). These fragments were used as templates for the subsequent overlap-extension 
reaction (Fig. 5.1(D)). This PCR product was gel extracted and sequenced; an attempt was 
made to clone the construct in E. coli but failed, presumably due to the promiscuity of the 
psbA2 promoter and the toxicity of full-length psbA genes in E. coli cells (Nagarajan et al., 
2011). Therefore, after confirmation by sequencing, the overlap-extension PCR product was 
directly transformed into the ∆psbA strain of Synechocystis 6803 to create the pA2::psbA1 
strain (Fig. 5.1(E-G)). A control strain was also constructed in which psbA2 alone was 
expressed from its native, constitutive promoter (Fig 5.1(H-J)).  
 




Figure 5.1 Construction of the pA2::psbA1 and pA2::psbA2 strains. (A) Genomic structure of the psbA2 
(slr1311) region. Blue arrows indicate primers used to amplify primary PCR products for overlap-extension PCR 
mutagenesis, and blue lines indicate their products (numbers refer to the lanes in (C)); black arrows indicate 
primers used to generate the overlap-extension product shown in (D). All diagrams are to scale; black bar 
indicates 1 kb. Primers are numbered according to Ref# in Table 2.1. (B) Genomic structure of the psbA1 
(slr1181) region. Blue arrows indicate primers used to amplify primary PCR product for overlap-extension PCR 
mutagenesis, and the blue line indicates their product containing the psbA1 gene (number refers to the lane in 
(C)). (C) Amplification of the primary PCR products for overlap-extension PCR. Lanes: M: 1kb Plus DNA 
molecular ladder; 1: Left flank (containing psbA2 promoter); 2: psbA1 gene; 3: specR cassette (amplified from 
pUC19-specR); 4: Right flank (containing speA). (D) Amplification of 4800 bp overlap-extension PCR product 
using primers indicated in (A). This PCR product was purified, sequenced and transformed directly into the 
∆psbA strain of Synechocystis sp. PCC 6803 to create the pA2::psbA1 strain. Successful transformants were 
selected for both by restoration of photoautotrophic growth and resistance to spectinomycin. (E) Genomic 
structure of the pA2::psbA1 strain. Black arrows indicate primers used to generate the colony PCR products 
shown in (F). (F) Colony PCR of the wild type (lane 1) and the pA2::psbA1 strain (lane 2). (G) Sanger 
sequencing of the pA2::psbA1 PCR product in (F) showing the psbA2 promoter adjacent to the psbA1 gene and 
absence of undesired mutations. pA2::psbA2 strain construction: (H) Genomic structure of the psbA2 (slr1311) 
region showing the PCR product amplified using the blue primers indicated. (I) Amplification of a 2.1 kb PCR 
product containing the wild-type psbA2 gene. This PCR product was purified, sequenced and transformed 
directly into the ∆psbA strain; successful transformants were selected for by restoration of photoautotrophic 
growth on BG-11 solid media with no added glucose. (J) Colony PCR of the psbA2 region in the wild type (lane 





5.1.2 Characterisation: Growth and pigment composition 
These strains were initially characterised by analysing their photoautotrophic growth and 
pigment composition. Cultures were prepared as described in Materials and Methods and 
photoautotrophic growth in standard, aerobic conditions was analysed by measuring OD730 nm.  
All strains were capable of photoautotrophic growth under aerobic conditions, with the wild 
type and pA2::psbA2 control strain displaying similar doubling times of 15.9 ± 1.1 and 15.2 ± 
0.2 h, respectively (Fig. 5.2(A)). These strains reached a final OD730 nm of 2.6 ± 0.5 and 3.4 ± 
0.4, respectively. This indicates that one copy of the psbA2 gene is sufficient to confer 




Figure 5.2 (A) Photoautotrophic growth of the wild type (black) and the pA2::psbA1 (red) and pA2::psbA2 





constant white light, and optical density measured spectrophotometrically at 730 nm every 24 h for 144 h. The 
data shown are the mean OD 730 nm ± the standard error of 3-4 independent biological replicates. (B) Room-
temperature whole-cell absorption spectroscopy of strains after 72 h photoautotrophic growth in aerobic 
conditions. Representative spectra are shown normalised to 750 nm.  
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Expression of the psbA1 gene from the psbA2 promoter, on the other hand, conferred a slower 
rate of photoautotrophic growth to the pA2::psbA1 strain, which had a doubling time of 20.5 ± 
2.8 h and a final OD730 nm of 2.1 ± 0.5. Salih & Jansson (1997) analysed a similar mutant, in 
which sequences originating from the psbA2 promoter were spliced in front of the psbA1 gene 
to activate constitutive expression of the D1ʹ protein. This strain was also reported to grow 
photoautotrophically in moderate light conditions “at a rate comparable to the wild type”; 
however, details of the physiology of the mutant (including photoautotrophic doubling times) 
were never published. These data suggest that while psbA1 can confer photoautotrophic 
growth in Synechocystis 6803, that growth is impaired relative to the wild-type or psbA2-
containing strains.  
The pigment profile was also analysed in photoautotrophically grown, mid-exponential phase 
cultures of the wild type and the pA2::psbA1 and pA2::psbA2 strains by whole-cell absorption 
spectroscopy. Consistent with their similar photoautotrophic growth rates, the wild type and 
pA2::psbA2 control strain displayed similar levels of pigments (Fig. 5.2(B)). In comparison, 
the pA2::psbA1 strain displayed a reduced Chl a absorption maximum at 680 nm, though the 
corresponding 435 nm maximum was similar to the control strains. Chl a concentration as a 
function of optical density was also analysed in these cultures by methanol extraction and 
spectrophotometric quantification, and confirmed this decreased Chl a in the pA2::psbA1 




 measured in 
the wild type, pA2::psbA2 and pA2::psbA1 strains, respectively. In addition, while the 625 nm 
phycobilin absorption maxima were similar between all three strains, the carotenoid shoulder 
at 475-520 nm was increased slightly in the pA2::psbA1 strain. This could indicate increased 
light stress on these cells, resulting in an increase in dissipative carotenoid pigments, and is 
consistent with the reduced photoautotrophic growth rate (Fig. 5.1(A)).  
The increased carotenoid and decreased Chl a content in the pA2::psbA1 strain relative to the 
control strains could be a direct result of the D1ʹ-containing centres containing an altered 
complement of pigments compared to D1-containing PS II, or it could be a cellular adaptation 
to secondary effects stemming from the presence of the D1ʹ-containing centres. It was 
recently reported that the carotenoids zeaxanthin and echinenone in Synechocystis 6803 may 
be involved in protection of the repair of PS II from inhibition by singlet oxygen, in co-
operation with thermal dissipation of excitation energy by the 3’-hydroxyechinenone cofactor 
present in the orange-carotenoid protein (OCP) (Kirilovsky 2007; Kusama et al., 2015). 
Therefore it is possible that the PS II repair cycle is more susceptible to ROS-induced damage 





accumulation in the pA1::psbA1 strain reported in Chapter Four (Fig. 4.6) – and that 
carotenoid biosynthesis is up-regulated as a photoprotective measure.   
5.1.3 Characterisation: 77 K fluorescence emission spectroscopy 
To further analyse the pigment-protein complexes in these strains, low-temperature (77 K) 
fluorescence emission spectroscopy was performed. Cultures were prepared as described in 
Materials and Methods for physiological experiments. All strains displayed the typical 
emission peaks for Synechocystis 6803, with the wild type and pA2::psbA2 strains showing 
similar profiles when Chl a molecules were specifically excited using a 440 nm light (Fig. 
5.3(A)). An increased 695:725 nm ratio was evident in the pA2::psbA1 strain, due to reduced 
PS I emissions and increased emissions from the CP47 core antennae of PS II. The 685:695 
nm ratio was also higher in this strain suggesting an increase in emissions from the CP43 core 
antennae of D1ʹ-containing PS II centres compared to D1-containing centres. These data 
indicate that accumulation of both types of reaction centre may be perturbed in the 
pA2::psbA1 strain. 
 
Figure 5.3 Low-temperature (77 K) fluorescence absorption spectroscopy of the wild type, (black) and the 
pA2::psbA1 (red) and pA2::psbA2 strains (blue). Cultures were grown photoautotrophically to mid-exponential 




 constant white light. Samples were 
illuminated with 440 nm (A) or 580 nm excitation energy (B). Data shown are the average spectra from 3 
independent biological replicates, normalised to the 507 nm emission maxima of an internal sodium fluorescein 
standard (A) or the phycocyanin emission maxima at 665 nm (B).  




In support of this observation, an increased emission at 685 nm was detected in the 
pA2::psbA1 strain when samples were excited with 580 nm light (Fig. 5.3(B)). A shoulder was 
visible at ~695 nm, therefore this emission may contain contributions from both the CP43 and 
CP47 core antennae of PS II and the ApcE terminal emitter of the PBS antennae (Joshua & 
Mullineaux, 2004). In contrast, the energy transfer profiles of the wild type and pA2::psbA2 
control strain appeared to be very similar. A population of uncoupled PBS antennae are 
present in the cell under standard growth conditions, due to the heterogeneity of PS II reaction 
centres in various stages of the repair cycle and de novo biogenesis, and the increase in 685 
nm fluorescence emission in the pA2::psbA1 strain could be explained by a lower level of 
fully assembled reaction centres (Kondo et al., 2009).  
As observed in the 440 nm-excited sample, the emission maximum at 725 nm was reduced in 
the pA2::psbA1 strain relative to the wild type and pA2::psbA2 control strain when excited 
with 580 nm light. These data suggest that the accumulation of PS I reaction centre complexes 
is reduced in this strain, consistent with the observed reduction in Chl a content. These data 
indicate that the substitution of D1ʹ for D1 in the pA2::psbA1 strain resulted in decreased 
accumulation of both PS II and PS I reaction centre complexes.  
5.1.4 Characterisation: Oxygen evolution 
The activity of the PS II complexes in the pA2::psbA1 strain and its control strains were 
analysed using oxygen evolution. Cultures were prepared as described in Materials and 
Methods for physiological experiments. Whole-chain oxygen evolution performed in the 
presence of sodium bicarbonate was similar in the wild type and the pA2::psbA2 control 
strain, consistent with previous data (Fig. 5.4(A)). These strains evolved oxygen at saturated 




, respectively, while the pA2::psbA1 




(Fig. 5.4(D)). This may be related to the lower Chl a content in this strain, as physiological 
experiments used a higher number of cells per mL to reach the same Chl a concentration, with 
the effect of artificially raising the apparent activity. In the presence of the artificial quinone 






Figure 5.4 Analysis of oxygen evolution in the wild type (black) and the pA2::psbA1 (red) and pA2::psbA2 
strains (blue). Cultures were grown photoautotrophically to mid-exponential phase in standard, aerobic 




 constant white light.  Oxygen evolution was measured in the 
presence of 15 mM sodium bicarbonate (A and D), 200 μM DMBQ and 1 mM K3Fe(CN)6 (B and E) or 200 μM 
DCBQ and 1 mM K3Fe(CN)6 (C and F). Representative primary data obtained are shown in (A-C); up arrows 
indicate the onset, and down arrows indicate the cessation of actinic illumination. (D-F) Saturated rates of 
oxygen evolution over the first 60 s of actinic illumination; data shown are the mean rate ± the standard error for 
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Saturated rates of oxygen evolution in the presence of DMBQ ranged between 384 ± 24 and 




 for the wild type and pA2::psbA2 strains, respectively (Fig. 
(5.4(E)). If the number of cells assayed in the pA2::psbA1 strain is indeed higher, then the true 
rate of oxygen evolution in the presence of artificial quinones must be lower on a per-cell 
basis; however, this needs to be verified empirically. In the presence of DCBQ, oxygen 
evolution again was similar between strains, although slightly higher in the pA2::psbA2 strain 









measured in the wild 
type and pA2::psbA2 strains, respectively (Fig. 5.4(F)). Thus, there does not seem to be any 
effect on PS II-specific oxygen evolution as a result of replacing D1 with D1ʹ – when 
measuring per mg Chl a. Further research in this area will need to address this issue.  
5.1.5 Chl a fluorescence induction and decay 
In order to investigate the effect of psbA gene exchange on PS II function, room temperature 
variable Chl a fluorescence induction was analysed in these strains. The wild type and the 
pA2::psbA2 strain displayed similar fluorescence induction profiles, consistent with previous 
experiments, although the pA2::psbA2 had a slightly steeper I-P rise (Fig. 5.5(A)). The 
fluorescence induction observed in the pA2::psbA1 strain was considerably different, with a 
slightly lower O-J rise, shallower J-I phase and much smaller I-P rise. The overall FV in the 
pA2::psbA1 strain was also lower than in the wild type and control strain; ~0.2 compared with 
~0.5, respectively. This could be due to issues with the primary photochemistry of PS II in 
this strain, and possibly further perturbations downstream in the ETC; alternatively it could 
arise from a lower level of assembled PS II reaction centres. 
Fluorescence induction in the presence of 40 μM DCMU was also analysed, and again 
revealed a lower FV in the pA2::psbA1 strain compared to the control strains, as well as a 
steeper increase in fluorescence after the initial rise (from around 1 ms onward) (Fig. 5.5(B)).  
However the pA2::psbA2 control strain did not display a characteristic decrease in 
fluorescence about 5 s of the onset of actinic illumination, which was observed in both wild-
type and the pA2::psbA1 strain; the wild type decreased to approximately the level of the 
control strain after reaching a plateau at a slightly higher level. Thus it seems the absence of 
psbA3 and possibly psbA1 does have minor effects in the pA2::psbA2 strain, even in aerobic 








Figure 5.5 Analysis of variable Chl a fluorescence induction in the wild type (black squares) and the pA2::psbA1 
(red squares) and pA2::psbA2 strains (blue squares). Cultures were grown photoautotrophically to mid-




 constant white light. 
Fluorescence induction was measured in the absence (A) or presence of 40 μM DCMU (B) with a blue 
measuring flash. The data shown are the average induction curves from 3 independent biological replicates, 
normalised to the same initial fluorescence (FO). 
 
The observed defects in PS II activity in these strains were further characterised by measuring 
room-temperature Chl a fluorescence decay after a saturating single-turnover flash. 
Fluorescence decay was indistinguishable between the wild type and the pA2::psbA2 control 
strain; however, the pA2::psbA1 strain displayed slower forward electron transport in the 
absence of inhibitors (Fig. 5.6(A)). Quantification of the decay components suggested that the 
major difference between these strains was an increased fast component half-time of 497 μs in 
the pA2::psbA1 strain, compared with 374 and 342 μs in the wild type and pA2::psbA2 control 
strain, respectively (Table 5.1). In addition, the amplitude of the slow phase was ~4% larger 
in thepA2::psbA1 strain.  




Figure 5.6 Analysis of Chl a fluorescence decay after a saturating single-turnover flash in the wild type (black 
squares) and the pA2::psbA1 (red squares) and pA2::psbA2 strains (blue squares). Cultures were grown 





constant white light. Fluorescence decay was measured in the absence (A) or presence of 40 μM DCMU (B) or 
200 μM bromoxynil (C) using a blue measuring flash. The average traces from 3-4 independent biological 
replicates are shown normalised to 1 for comparison. 
 
 
Table 5.1 Kinetic analysis of Chl a fluorescence decay following a saturating single-turnover flash in wild type 
and the pA2::psbA1 and pA2::psbA2 strains in aerobic conditions 
No addition
a
 Fast phase Mid phase Slow phase 
Wild type 374 μs (± 35)/ 60% (± 0.8) 4.7  ms (± 0.4)/ 31% (± 0.5) 3.9 s (± 1.4)/ 10% (± 0.9) 
pA2::psbA1 497 μs (± 38)/ 59% (± 1.3) 5.2 ms (± 0.7)/ 27% (± 1.3) 3.8 s (± 0.2)/ 14% (± 0.1) 
pA2::psbA2 342 μs (± 10)/ 62% (± 1.2) 5.2 ms (± 0.3)/ 28% (± 1.1) 3.2 s (± 0.2)/ 10% (± 0.7) 
40 μM DCMU
b
 Fast phase Slow phase  
Wild type 15.5 ms (± 2.3)/ 8.2% (± 0.3) 1.1 s (± 0.1)/ 92% (± 0.3)  
pA2::psbA1 2.8 ms (± 0.2)/ 10.6% (± 1.6) 1.1 s (± 0.1)/ 89% (± 1.6)  
pA2::psbA2 14.5 ms (± 3.5)/ 7.7% (± 0.7) 1.0 s (± 0.1)/ 92% (± 0.7)  
a
Normalised data were fitted using the equations outlined in Methods & Materials , taken from  
Vass et al. (1999) and 
b
Fufezan et al. (2007); the data shown are the mean values ± the standard error from 3-4 
independent biological replicates.  
In the presence of 40 μM DCMU, drastic differences were observed between the pA2::psbA1 
strain and its controls, including a ~80% reduction in the half-time of the fast phase of the 
decay and an increased amplitude (Fig. 5.6(B); Table 5.1). These perturbations to the kinetics 
of forward electron transfer and back charge-recombination through PS II centres are 
consistent with those observed in the D1ʹ-containing PS II centres assembled under low-





constructed strains expressing psbA1 at different levels from disparate promoters confers 
confidence on such observations. It is interesting that the kinetics of decay in the pA2::psbA2 
and pA1::psbA2 strains in the presence of DCMU are so different – the fast phase in the latter 
resembles that observed in the D1ʹ-containing equivalent – as this back charge-recombination 
should be a PS II-specific effect which occurs independent of the number of assembled PS II 
centres per cell.  
Fluorescence decay in these strains was also analysed in the presence of 200 μM of the 
phenolic herbicide, bromoxynil, as this chemical blocks electron transport between QA and QB 
with the added effect of reducing the redox potential of the QA/QA
-
 pair (Cser & Vass, 2007; 
Tyystjärvi, 2013). Similar effects to those resulting from the addition of DCMU were 
observed, with a faster fast phase and a slower slow phase evident in the pA2::psbA1 strain in 
comparison to both the wild-type and pA2::psbA2 strains (Fig. 5.6(C)).  
The fast phase of fluorescence decay in the presence of DCMU (or bromoxynil) is thought to 




(Vass et al., 1999). In mutant PS 
II complexes with the Phe186 to Leu substitution (present in the D1ʹ protein of Synechocystis 
6803), regulation of charge stabilisation in the OEC region was disrupted, but additional long-
range effects on electron transfer between QA
-
 and QB were also reported (Sicora et al., 2004). 
These effects were thought to be mitigated by other substitutions in the natural D1ʹ protein, 
perhaps including the Ser270 to Ala mutation near the QB binding site; this residue has 
previously been implicated in the stabilisation of the head group of the SQDG lipid moiety, 
and its substitution by alanine in PS II particles isolated from T. elongatus loosens a hydrogen 
bond thought to stabilise the structure of the QB site (Sugiura et al., 2010).  The Ser270 to Ala 
substitution may also affect D1-His215, one of the ligands to the non-heme iron in PSII 





 is increased in the D1’-containing centres of the pA2::psbA1 strain (Fig. 
5.6(B)). This supports the hypothesis that D1ʹ-containing PS II centres, while producing 
slightly retarded forward electron transfer, have a more efficient system of dissipating energy 
through non-radiative back charge-recombination pathways in PS II – perhaps a reaction to 
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5.2 Analysis of the protein composition in PS II centres of psbA mutant strains 
5.2.1 Analysis of D1ʹ protein 
Earlier results obtained in this work had suggested that the assembly and/or repair of PS II 
complexes may have been compromised in the D1ʹ-containing strains, especially pA2::psbA1 
(Figs. 4.9, 5.3 and 5.5). To confirm this observation, a series of analyses of the protein 
composition of the mutant strains studied in this work were undertaken. Cultures were 
prepared according to Materials and Methods (2.1.7) and thylakoid membranes isolated as 
described. As an initial analysis of D1 or D1ʹ protein accumulation, a western blot was 
performed on these isolated thylakoids after separation on denaturing SDS-PAGE gels. In the 
wild type under either aerobic or low-oxygen conditions, D1 protein was detected as two 
bands with masses between ~32 and 34 kDa (Fig. 5.7, Group 1).  
 
 
Figure 5.7 Analysis of D1 or D1ʹ protein levels in psbA mutant strains of Synechocystis sp. PCC 6803. 
Thylakoid membranes were isolated from cultures incubated in aerobic conditions (O2: +) or for 5 h in low-
oxygen conditions (O2: -) and 2 μg Chl a equivalent loaded on a 12% SDS-PAGE gel. Proteins were transferred 
to a nitrocellulose membrane and immunological detection performed with antibodies to D1 global (top) or PsaA 
(bottom). Lanes: 1: wild type; 2: pA1::psbA2; 3: pA1::psbA1; 4: pA2::psbA2; 5: pA2::psbA1; 6: ∆psbA.  
 
During insertion into PS II centres, either during the repair cycle or de novo biogenesis, the 
D1 protein undergoes a two-step proteolytic truncation of the 16 amino acid residues 
following Ala344 near the C-terminus, as a pre-requisite for assembly of the OEC (Nixon 
etal., 1992; Inagakiet al., 2001; Komenda et al., 2007). The two bands represent different 
forms of the protein, captured in different stages of post-translational processing by the CtpA 
metalloprotease – pD1 (the pre-D1 nascent polypeptide) and the mature D1 (with 16 amino 





Low levels of D1 protein were detected in the pA1::psbA2 strain under aerobic conditions; this 
increased under low-oxygen conditions to approximately wild-type levels, and retained the 
two D1 bands (Fig. 5.7, Group 2). A similar up-regulation of protein was observed in the 
pA1::psbA1 strain in response to low-oxygen conditions; however, this strain had no 
detectable D1 protein under aerobic conditions and upon low-oxygen induction a smaller 
amount of D1ʹ was detected (Fig. 5.7, Group 3). Most of the D1ʹ protein in this sample had a 
mass roughly consistent with the mature form of D1, although a small amount of protein had 
a mass consistent with the pD1 precursor. The up-regulation of D1 or D1ʹ protein in these 
strains is consistent with the up-regulation of psbA1 mRNA (Fig. 3.6 & 3.7) and PS II activity 
(Fig. 4.3 & 4.10) in response to low-oxygen conditions.  
Membranes isolated from the pA2::psbA2 control strain under aerobic conditions had a D1 
protein content similar to that observed in the wild type (Fig. 5.7, Group 4). In contrast, a 
much lower level of D1ʹ protein was detected in membranes isolated from the pA2::psbA1 
strain in the same conditions (Fig. 5.7, Group 5). Consistent with the D1ʹ-containing 
membranes isolated from the pA1::psbA1 strain, the D1ʹ protein in the pA2::psbA1 strain was 
mostly in the mature form. No protein was detected in thylakoid membranes isolated from the 
∆psbA background strain using the D1 antibody (Fig. 5.7, Group 6). However, while 
consistent in all other strains, decreased levels of protein were detected in this strain using an 
antibody to the PS I core protein PsaA, which was intended as a loading control.  
It appears that in strains expressing the D1ʹ protein only, the overall accumulation of D1ʹ is 
reduced and a smaller population of unprocessed protein is present relative to D1-containing 
strains, regardless of whether the corresponding mRNA is expressed from the native, low-
oxygen responsive promoter (in the pA1::psbA1 strain) or from a constitutive, highly active 
promoter (in the pA2::psbA1 strain). It may be that the synthesis or localisation of the D1ʹ 
protein is impaired; if it were post-translational processing that were impaired, one would 
expect to see an increased population of intermediate forms. An alternative explanation is that 
the turnover of the D1ʹ protein is enhanced compared to the D1 isoform.  
The PS II repair cycle forms a rate-limiting step in the life-time of D1 protein, as the massive, 
dimeric pigment-protein complexes must first be disassembled in a step-wise fashion, and 
photodamaged D1 degraded and removed by FtsH metalloproteases, before new pD1 
polypeptides can be co-translationally inserted into the thylakoid membrane and incorporated 
into the existing reaction centre sub-complex (Nixon et al., 2005; Ossenbühl et al., 2006). An 
enhanced rate of D1ʹ protein turnover could lead to a reduced accumulation of intermediates 
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awaiting processing, as observed in the D1ʹ-expressing strains. Similar characteristics of the 
D1ʹ protein in western blot analyses have been described in previous research, including 
reduced overall accumulation and decreased levels of processing intermediates; these were 
partly ascribed to an altered immunoreactivity to the D1 global antibody used in that analysis 
(Salih and Jansson, 1997). This could offer an alternative explanation for the apparent reduced 
accumulation of D1ʹ described in this work; however, it need not be mutually exclusive with 
the enhanced-turnover hypothesis.  
5.2.2 Analysis of native membrane multi-protein complexes 
In order to confirm the information relating to PS II assembly and repair obtained using low-
temperature fluorescence emission spectroscopy, physiological measurements and D1 protein 
analysis, an analysis of the assembly of PS II at the protein level was required. Separation of 
solubilised thylakoid membranes was performed using Blue-native PAGE as described in 
Materials and Methods. Colour scans of the fractionated membranes revealed a number of 
membrane multi-protein complexes with a distribution conserved among most strains. The 
largest (in terms of molecular weight) and most prominent complex in each lane was a dark 
green Chl-containing band which represented trimeric PS I, the dominant pigment-protein 
complex in moderate-light conditions in cyanobacteria (Fig. 5.8(A); band 1) (Fuhrmann et al., 
2009; Kopecná et al., 2012). This band was present in all of the strains analysed in these 
experiments at similar levels. Another prominent Chl-containing band in each strain on the 
BN-PAGE gels represented PS I monomers, as it migrated with a much higher mobility (band 
5); the abundance of this band was slightly lower in the pA2::psbA1 strain. A number of lower 
molecular weight protein complexes were evident below the putative PS I monomer bands 
which correspond to multimers of the cytochrome b6f complex and various PS II repair 







Figure 5.8 Analysis of PS II assembly in psbA mutant strains of Synechocystis sp. PCC 6803 under aerobic and 
low-oxygen conditions. Thylakoid membranes were isolated from 1 L cultures grown in either aerobic 
conditions (+O2; top panels) or purged with 99% N2: 1% CO2 for 5 h (-O2; bottom panels). 1.5 μg Chl a 
equivalent was solubilised with 1% DDM and fractionated on a 3-12% Native-PAGE gel (A), transferred to 
PVDF membrane and subjected to immunodetection using antibodies to the D1 (B), CP47 (C), CP43 (D) or D2 
(E) core subunits of PS II. Lanes: 1: Wild type; 2: pA2::psbA2; 3: pA2::psbA1; 4: pA1::psbA2; 5: pA1::psbA1; 6: 
∆psbA. Putative PS II multimers and assembly intermediates are indicated by arrows. PS II (2): dimers; PS II (1) 
monomers; RC47: CP43-less PS II repair/assembly intermediate; u.p. unassembled protein. Membrane multi-
protein complexes visible in (A) are labelled thus: 1: PS I trimer; 2: PS II dimer; 3: ATP synthase; 4: NDH-1; 5: 
PS I monomer; 6: PS II monomer; 7: cytochrome b6f complex dimer (after Herranen et al. (2004)). Red boxes in 
(A) indicate bands excised for analysis by mass spectrometry.  
Between the two major Chl-containing complexes were three bands in the wild type, the 
lower two of which were conserved across all strains in this analysis; these represented the 
F0F1 ATP synthase and type I NADPH dehydrogenase (NDH-1) (Jackson & Eaton-Rye, 
2015) (Fig 5.8(A); bands 3 and 4, respectively). The larger band of the three was a Chl-
containing complex, the distribution of which varied among the strains analysed and likely 
represented assembled dimeric PS II reaction centres (band 2). This band was visible at 
varying intensities in lanes corresponding to separated thylakoid membranes isolated from the 
wild type, pA2::psbA2 and pA2::psbA1 strains under both aerobic and low-oxygen conditions. 
In lanes containing membranes isolated from the pA1::psbA2 and pA1::psbA1 strains 
incubated in aerobic conditions, this band was not present; however, in equivalent lanes 
originating from low-oxygen incubated samples, the band was visible, although at levels 
noticeably lower than the wild type. No such bands were visible in lanes containing 
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membranes isolated from the ∆psbA background strain in any conditions. Given the up-
regulation of PS II activity observed in the pA1::psbA2 and pA1::psbA1 strains in response to 
low-oxygen, it is highly likely that the appearance of these bands represents the assembly of 
nascent dimeric PS II reaction centre complexes. A similar distribution of smaller Chl-
containing complexes was also evident just below the putative PS I monomers, which were 
PS II monomers (band 6).  
In order to confirm this hypothesis, and to further characterise these complexes, three 
complementary approaches were utilised. The first involved excising the bands of interest 
from the BN-PAGE gel and identifying their polypeptide content by in-gel trypsin digest and 
subsequent MALDI-TOF mass spectrometry using an orbitrap instrument. In the band 
corresponding to the putative PS II dimer in the wild type (incubated in low-oxygen 
conditions), the core PS II protein subunits (CP43, CP47 and D2) were detected by mass 
spectrometry (Table 5.2). The psbA2-encoded isoform of D1 was detected; however, there 
was no evidence of the D1ʹ protein in this sample, despite detection of a number of low-
molecular weight subunits of PS II including PsbH, PsbE (encoding the α-subunit of the 
cytochrome b559 sub-complex) and PsbL. A number of non-PS II polypeptides were detected 
in this sample, including subunits from the ATP synthase (the α and β major subunits, 
encoded by atpA and atpB, respectively), the NDH-1 complex (the NdhH, NdhI and NdhK 
subunits, encoded by ndhH, ndhI and ndhK, respectively) and RNA polymerase (the β- and 
β’-subunits, encoded by rpoB and rpoC2, respectively). Rather than any association with PS 
II, the presence of these peptides is more likely to due to their mobility through the BN-PAGE 
gel being similar to that of PS II dimers, leading to subsequent excision along with the PS II 
band of interest.  
In the band corresponding to the putative PS II dimer in the pA1::psbA1 strain (incubated in 
low-oxygen conditions), all four core PS II protein subunits were detected, though at different 
relative levels. No psbA2-encoded D1 protein was detected; rather, peptide fragments 
corresponding to sequences present in psbA1-encoded D1ʹ were detected. This data confirms 
the incorporation of D1ʹ protein into dimeric PS II complexes in this strain, though with a low 
peptide spectrum match score than the other core proteins (36 compared with 48, 102 and 106 
PSMs for D2, CP43 and CP47, respectively). Peptides from the ATP synthase, NDH-1 and 
RNA polymerase multi-protein complexes were also present in this sample, as well as a small 
amount of the c-phycocyanin β-chain of the PBS antennae. Interestingly, the FtsH2 and FtsH3 
ATP-dependent AAA+ metalloproteases were detected at a much higher PSM in this sample 





making inferences based on (at best) semi-quantitative data such as this, it is nevertheless 
intriguing that the FtsH proteases are associated with these D1ʹ-containing PS II centres. 
These proteases are involved in quality control of PS II complexes in the thylakoid 
membranes of cyanobacteria and play a key role in the repair cycle of PS II; the FtsH2 and 
FtsH3 subunits have been co-purified with PS II reaction centres, and are thought to recognise 
the exposed N-terminal region of photodamaged D1 protein in partially disassembled PS II 
complexes undergoing repair (Yao et al., 2007; Boehm et al., 2012a; Komenda et al., 2012b). 
 
Table 5.2 Selected polypeptides identified from MALDI-TOF orbitrap mass spectrometry analysis of PS II 













      
 
Wild type (low-O2) 
     
psbC (PS II: CP43) P09193 42.2 20 152 50.3 
psbB (PS II: CP47) P05429 29.6 16 146 55.9 
atpB (ATP synthase: β-subunit) P26527 60.7 20 108 51.7 
psbD (PS II: D2) P09192 27.8 9 76 39.5 
psbA2 (PS II: D1) P16033 25.6 7 58 39.7 
rpoC2 (RNA polymerase: β-subunit) P73334 9.6 11 31 144.7 
ndhH (NDH-1: H subunit) P26525 18.1 3 12 22.1 
psbH (PS II: PsbH) Q3M4N8 25.8 2 19 7.0 
psbE (PS II: cyt b559 ) P09190 35.8 2 7 9.4 
ftsH2 (AAA+ metalloprotease) Q55700 1.6 1 4 68.5 
      
 
pA1::psbA1(low-O2) 
     
atpB (ATP synthase: β-subunit) P26527 80.5 27 169 51.7 
psbC (PS II: CP43) P09193 41.2 18 102 50.3 
psbB (PS II: CP47) P05429 38.7 16 106 55.9 
ftsH2 (AAA+ metalloprotease) Q55700 31.9 16 62 68.5 
ftsH3 (AAA+ metalloprotease) P72991 24.2 13 38 67.2 
psbD (PS II: D2) P09192 27.8 9 48 39.5 
ndhH (NDH-1: H subunit) P26525 25.6 9 33 22.1 
psaB (PS I: PsaB) P29255 12.7 7 22 81.2 
cpcB (PBS: C-phycocyanin β-chain) Q54714 36.6 5 14 18.1 
psbA1 (PSII: D1ʹ) P07826 18.3 5 36 39.6 
 
a 
Peptide matches were obtained by searching the MASCOT database, using the genome sequence of 
Synechocystis 6803 as reference (Kaneko et al., 1996). 
b
 number of detected unique trypsin peptide fragments matching this entry. 
c
 number of peptide spectrum matches for this peptide 
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5.2.3 Immunological detection and quantification of PS II subunits 
The second method for characterising the protein subunit composition of the PS II centres in 
the strains in this study involved transferring the separated membrane protein complexes to a 
PVDF membrane, followed by immunodetection with specific antibodies. An antibody to the 
D1 core protein of PS II detected a characteristic pattern of three major bands in the wild-type 
and pA2::psbA2 strains in both aerobic and low-oxygen conditions (Fig. 5.8(B); lanes 1 and 2, 
respectively). These three bands represent the D1 protein present in the dimeric and 
monomeric forms of fully assembled/mature PS II, and the RC47 repair/biogenesis 
intermediate (Klinkert et al., 2004; Komenda et al., 2004; Boehm et al., 2012). A similar 
pattern was observed in thepA2::psbA1 strain but the levels of assembled dimers and 
monomers were considerably reduced compared with the pA2::psbA2 control strain, consistent 
with the reduced levels of PS II activity in the former strain (Fig. 5.8(B); lane 3). This 
suggests that D1ʹ-containing PS II reaction centre complexes are assembled to lower levels in 
the pA2::psbA1 than in wild type or thepA2::psbA1 control strain.  
In aerobic conditions, a small amount of D1-containing PS II dimers, monomers and RC47 
complexes were detected in the pA1::psbA2 strain (Fig. 5.8(B); lane 4). These were not 
detected in the pA1::psbA1 strain, although a small amount of RC47 and a putative D1ʹ-
containing pre-complex was present (Fig. 5.8(B); lane 5). No D1 protein was detected in the 
∆psbA background strain (Fig. 5.8(B); lane 6).   
Incubation in low-oxygen conditions had little effect on the abundance of D1- or D1ʹ-
containing PS II reaction centre complexes in the wild type or the pA2::psbA2 or pA2::psbA1 
strains. However, the levels of PS II dimers and monomers increased considerably in the 
pA1::psbA2 and pA1::psbA1 strains, consistent with the increase in PS II activity observed in 
these strains as a result of low-oxygen incubation. The levels of assembled reaction centre 
complexes were considerably lower in the pA1::psbA1 strain compared with the pA1::psbA2 
strain, similar to the reduction in levels observed between the pA2::psbA2 and pA1::psbA1 
strains and consistent with the reduced accumulation of D1ʹ protein observed using SDS-
PAGE (Fig. 5.7).   
Immunodetection using anα-CP47 antibody revealed a similar pattern of three major PS II 
complexes – dimer, monomer and RC47 – as well as a small amount of a putative CP47-
containing pre-complex in the wild-type, pA2::psbA2 and pA2::psbA1 strains (Fig. 5.8(C)). 
Again, levels of assembled reaction centre complexes were reduced in the pA2::psbA1 strain 





ImageJ, and known amounts of wild type membranes as a calibration, and revealed that both 
monomers and dimers were assembled to ~60% of wild-type levels in the pA2::psbA1 strain 
(Fig. 5.9). No PS II dimers or monomers were detected in the pA1::psbA2, pA1::psbA1 or 
∆psbA strains in aerobic conditions, although an increased level of a putative CP47 pre-
complex was detected in these strains, particularly in pA1::psbA2 (Fig. 5.8(C)) (Dobáková et 
al., 2009; Boehm et al., 2011). In addition, a small amount of RC47 was detected in the 
pA1::psbA2 and pA1::psbA1 strains.  
 
 
Figure 5.9 Quantification of dimeric (A) and monomeric forms of PS II (B) detected by western blot in psbA 
mutant strains. Thylakoid membranes were isolated from psbA mutant strains incubated in aerobic (+O2; left) or 
low-oxygen conditions (+O2; right), fractionated by BN-PAGE and subjected to immunodetection, and the peak 
intensities of bands detected using the anti-CP47 antibody (top panel) were quantified using ImageJ. The data 
shown are the average intensity from 3 technical replicates, ± the standard error, proportional to the intensity of 
the wild type under aerobic conditions. Lanes: ¼: wild type (+O2; 0.38 μg Chl equivalent loaded); ½: wild type 
(+O2; 0.75 μg Chl); 1: wild type (+O2; 1.5 μg Chl); 2: pA2::psbA2; 3: pA2::psbA1; 4: pA1::psbA2; 5: pA1::psbA1; 
6: ∆psbA (all 1.5 μg Chl). 
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In low-oxygen conditions, the levels of assembled dimers and particularly monomers declined 
in the wild type and the pA2::psbA2 strain, but not in the pA1::psbA2 strain (Fig. 9). CP47 
protein was detected in the assembled PS II dimers and monomers in the pA1::psbA2 and 
pA1::psbA1 strains (Fig. 5.8(C)); these dimers were assembled to ~60% and ~50%, and 
monomers to ~40% and 20%, of the levels observed in the wild type in aerobic conditions, 
respectively (Fig. 5.9). The pools of putative CP47 pre-complexes were depleted concomitant 
with the assembly of these reaction centres. A secondary band appeared just below the PS II 
dimer band in these strains, but likely represents detergent-induced oligomerisation of 
unassembled CP47-containing complexes.  
An antibody to the CP43 core antennae of PS II detected PS II dimers and monomers in the 
wild type, pA2::psbA2 and pA2::psbA1 strains (Fig. 5.8(D)). A putative CP43-containing pre-
complex of PS II assembly was detected at low levels in the wild type and the pA2::psbA2 
strain, which was increased in the pA2::psbA1 strain, consistent with the increased 77 K 
fluorescence emission at 685 nm for this strain (Fig. 5.3(A)). In the pA1::psbA2, pA1::psbA1 
and ∆psbA strains in aerobic conditions, this pre-complex was detected at relatively high 
levels, again consistent with the 77 K data (Fig. 4.9(B) and (C)). A considerable amount of a 
novel CP43-containing PS II assembly intermediate was detected in the pA1::psbA2 and 
pA1::psbA1 strains but not ∆psbA, which had a similar molecular weight to RC47; this 
complex has not been described before, but could represent a detergent-induced aggregation 
of CP43-containing pre-complexes, as low levels of another, even higher molecular weight 
complex were also detected (Fig. 5.8(D)).  
As observed with the α-D1 and α-CP47 antibodies, low-oxygen conditions induced the 
assembly of CP43-containing PS II dimers and monomers in the pA1::psbA2 and pA1::psbA1 
strains, but not ∆psbA (Fig. 5.8(D)). The pools of CP43-containing pre-complexes and the 
novel assembly intermediate were depleted along with the assembly of these complexes.  
A similar pattern was observed using an antibody to the D2 core protein of PS II. Dimeric and 
monomeric reaction centre complexes, and low levels of a D2-containing pre-complex, were 
present in the wild type, pA2::psbA2 and pA2::psbA1 strains in aerobic conditions and did not 
change upon low-oxygen incubation (Fig. 5.8(E)). No dimers or monomers, but increased 
levels of the D2-containing pre-complex were observed in the pA1::psbA2, pA2::psbA1 and 
∆psbA strains in aerobic conditions; a D2-containing assembly intermediate was also detected 
in the pA1::psbA2 and pA1::psbA1 strains. Low-oxygen conditions induced the assembly of 





∆psbA, and a depletion of the pools of D2 pre-complexes. The levels D2 in assembled 
monomers were lower in the pA2::psbA1, pA1::psbA2 and pA1::psbA1 strains (Fig. 5.8(E)). In 
the BN-PAGE gel and all subsequent western blots, the D1ʹ-containing PS II reaction centre 
complexes appeared to have a lower mobility through the gel; this could be due to a slightly 
increased mass or altered detergent, salt or lipid contents.  
5.3 Analysis of thylakoid protein composition in psbA mutant strains 
As a third approach to investigate the protein composition of the thylakoid membranes in the 
psbA mutant strains, samples were separated in the first dimension by BN-PAGE and then in 
the second dimension by SDS-PAGE followed by silver staining. In the wild type incubated 
in aerobic conditions, approximately nine major protein complexes were detected using this 
method (Fig. 5.10(A)). The putative identity of the proteins were assigned by size-matching 
using prior knowledge of the subunit compositions of these complexes; mass spectrometric 
analysis of spots from other gels in our laboratory confirmed these identities (Herranen et al., 
2004; Jackson & Eaton-Rye 2015). In descending order of molecular weight, they were: PS I 
mega-complexes, PS I trimers, PS II dimers, F0F1 ATP synthase, NADPH dehydrogenase 
type 1, PS I monomers, PS II monomers, cytochrome b6f complex dimers and monomers.  
 
  





Figure 5.10 Two-dimensional analysis of thylakoid membrane protein composition in the wild type in either 
aerobic (A) or low-oxygen conditions (B), the pA2::psbA1 strain in aerobic conditions (C) or the pA1::psbA1 
strain in low-oxygen conditions (D). Isolated thylakoid membranes were solubilised with 1% DDM and 
separated in the first dimension by BN-PAGE. Individual lanes were excised and solubilised in 1x NuPAGE 
LDS buffer with 1% β-mercaptoethanol before separation in the second dimension by denaturing SDS-PAGE on 
pre-cast 12% Bis-Tris gels. Proteins were then fixed and visualised with a silver stain, and differentially 
expressed protein spots detected by an ImageJ-based workflow. The differentially expressed spots detected 
between pairs of gels are annotated with different coloured arrows as follows: wild type (aerobic) versus wild 
type (low-oxygen): blue arrows; wild type versus pA2::psbA1: black arrows; wild type (low-oxygen) versus 





from Fig. 5.8 are shown as a reference. Multiprotein membrane complexes visible in the BN-PAGE lane are 
numbered as follows: 1: PS I-containing supercomplex; 2: PSI trimer; 3: PS II dimer; 4: ATP synthase; 5: NDH-
1 complex; 6: PS I monomer; 7: PS II monomer; 8: cytochrome b6f complex dimer; 9: cytochrome b6f complex 
monomer.  
Few differences in PS II protein spot intensities were detected between wild-type membranes 
originating from cultures incubated in aerobic or low-oxygen conditions, consistent with the 
results of the western blot immunodetection. Low-oxygen incubation resulted in a reduction 
in levels of the 37 kDa SbtA sodium bicarbonate transporter, a 17 kDa, non-complexed 
protein and a 6 kDa ATPase subunit in the wild type (Fig. 5.10(A) versus (B); blue arrows). 
Notably, a sequence of spots consistent with the sizes of the aa3-type cytochrome c oxidase 
(59, 32, and 17.6 kDa for subunits CtaD, CtaC and CtaE, respectively; a fourth spot of ~15 
kDa was also present) was down-regulated in the low-oxygen incubated wild type; the 
position of these spots in relation to the first-generation BN-PAGE lane was roughly 
consistent with the expected size of this complex at ~120 kDa (Schmetterer et al., 1994). 
Down-regulation of protein subunits of the cytochrome c oxidase would be consistent with 
microarray data for the slr1137 transcript, encoding the CtaD1 subunit, which was down-
regulated 1.7-fold after 6 h incubation in low-oxygen conditions, and with physiological data 
showing a decrease in respiration rates under low-oxygen (Fig. 3.16) (Summerfield et al., 
2008).  
A number of protein spots with different intensities were observed between the thylakoid 
membranes isolated from the wild type and the pA2::psbA1 strain under aerobic conditions. 
The abundances of at least four protein subunits in the PS I monomer band of the pA2::psbA1 
strain, with molecular weights of ~18.5, 14, 8 and 4.4 kDa (corresponding to PsaD/PsaF, 
PsaL, PsaE and PsaJ, respectively (Rögner et al., 1990; Mühlenhoff et al., 1993)), were lower 
than their counterparts originating from the PS I trimer band (Fig. 5.10(C)). In comparison, 
the abundance of PS I protein subunits appeared more even between the trimer and monomer 
bands of the wild type (Fig. 5.10(A)). On the BN-PAGE gel, the abundance of the Chl-
containing PS I monomer band appeared lower in the pA2::psbA1 strain than in wild type or 
the pA2::psbA2 control strain (Fig. 5.8(A)); these data are consistent with the reduced Chl a 
content and low-temperature fluorescence emission spectra, and suggest a reduced PS I 
content in the pA2::psbA1 strain (Fig. 5.3(A)). 
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A multi-protein complex was evident in the BN-PAGE lane derived from the pA2::psbA1 
strain at a position consistent with a molecular weight of ~220 kDa, the approximate size of 
the dimeric form of the cytochrome b6f complex. In the second dimension, this complex 
separated into a series of proteins with molecular weights of approximately 34, 24, 19, 17.5, 
7.2 and 4 kDa; these masses may correspond to cytochrome f (encoded by petA), cytochrome 
b6 (petB), the Rieske ISP (petC), subunit IV (petD), ssr2998, and PetG/PetL/PetM, 
respectively (Schneider et al., 2001; Schneider et al., 2007; Volkmer et al. 2007; Kallas et al., 
2011). These spots were barely visible in the thylakoid of the wild-type control, suggesting 
that the dimeric form of the complex has been up-regulated in the pA2::psbA1 strain. This 
putative up-regulation of the dimeric cytochrome b6f complex was also observed in the 
pA1::psbA1 strain incubated under low-oxygen conditions (Fig. 5.10(D)). The up-regulation 
of dimeric cytochrome b6f complexes was recently reported for a strain deficient in the PS II 
assembly protein Ycf48, which also displayed reduced assembly of the mature PS II reaction 
centre complex and increased accumulation of CP43 pre-complexes (Jackson et al., 2014; 






5.4 Characterisation of the effect of high light intensity on D1ʹ-containing PS II 
centres 
High light intensities are one of the most common environmental fluctuations experienced by 
photosynthetic organisms, and can be damaging to the cell if the level of light energy being 
absorbed by the light-harvesting structures exceeds the metabolic utilisation of ATP and 
reducing equivalents by the carbon-fixation mechanisms of the cell. Organisms have therefore 
evolved a range of short- and long-term adaptive mechanisms to ameliorate the damaging 
effects of high light conditions, including the down-regulation of light harvesting, adjustment 
of photosystem stoichiometry and an increase in the turnover of PS II centres (to account for 
increased light-induced photodamage to the D1 subunit) (Sonoike et al., 2001; Kopecná et al., 
2012). The latter is mediated specifically by an increase in the transcript levels of psbA2 and 
psbA3 and the ftsH genes encoding proteases in Synechocystis 6803 (Hihara et al., 2001; 
Muramatsu & Hihara, 2012).  
5.4.1 Response of constitutively expressed D1- or D1ʹ-containing PS II centres 
to high light 
Photoautotrophic growth of the wild type and the pA2::psbA2 and pA2::psbA1 strains at a light 




 was analysed. Under these conditions, the wild type grew with a 
doubling time of 12.9 ± 0.7 h, and the pA2::psbA2 strain grew at a similar rate over the first 48 
h (Fig. 5.11(A)). However, after this point, growth of this strain ceased and the cells appeared 
to enter a stationary phase, with little change in optical density for the remaining 96 h. This 
may be related to be absence of psbA3 and/or psbA1 in this strain. The pA2::psbA1 strain was 
incapable of photoautotrophic growth under high light conditions, suggesting that D1ʹ-
containing PS II centres are less tolerant of high light intensities and increased photodamage 
than D1-containing centres.  




Figure 5.11 Effect of high light intensities on the pA2::psbA1 strain. (A) Photoautotrophic growth of the wild 
type (black) and the pA2::psbA1 (red) and pA2::psbA2 strains (blue). Cultures were incubated in aerobic 




 constant white light, and optical density measured 
spectrophotometrically at 730 nm every 24 h for 144 h. The data shown are the average optical density ± the 
standard error from 4 independent biological replicates. (B) Photoinhibition and recovery of strains was 
measured using oxygen evolution in the presence of 200 μM DMBQ and 1 mM K3Fe(CN)6. Cultures were 










 white light (HL) for 45 min to induce photoinhibition. Samples were withdrawn every 15 min for 




 light (LL) and recovery followed for 135 min. 





): wild type: 354; pA2::psbA1: 300; pA2::psbA2: 405. (C) Photodamage of strains was 
measured in the presence of 250 μg.mL
-1
 kanamycin to inhibit de novo protein synthesis. Photoinhibitory 
conditions were applied as in (B). The data shown are the average rate ± the standard error from 3 independent 
biological replicates, as a proportion of the rate at t0. Note: Photoinhibition experiments were performed by 
Kyrin Hanning. 
A series of experiments were performed to measure the kinetics of photoinhibition and 
recovery in the psbA mutant strains. Cultures were prepared as for physiological experiments, 
and photoinhibition and recovery measured as described in Materials and Methods. The wild 
type and the pA2::psbA2 control strain displayed similar kinetics of photoinhibition and 
recovery (Fig. 5.11(B)). Both strains were resistant to highlight stress, and their PS II activity 
increased to 110-115% of t0 after 45 min of illumination at 2000 μE.m-2.s-1. Upon a return to 
low-light conditions, both of these strains returned to PS II activity levels approximately 
105% that of the t0 measurement. Therefore exposure to high light intensities did not 





Exposure of the pA2::psbA1 strain to photoinhibitory conditions resulted in a constant decline 
in PS II activity, reaching ~50% after 45 min (Fig. 5.11(B)). Recovery of activity occurred at 
a rate roughly consistent with the pA2::psbA2 strain upon a return to low-light conditions, 
reaching similar levels of activity to the t0 measurement after ~2 h. This implies that D1ʹ-
containing PS II centres are indeed more sensitive to light than their D1-containing 
counterparts. Furthermore, it suggests that an increased rate of photodamage and degradation 
of the D1ʹ protein is responsible for the photoinhibition observed in this strain, as the 
synthesis of protein and recovery in low light occurred at rates comparable to the wild-type 
and control strain.  
To confirm this observation, the rate of photodamage was analysed in these strains by 
measuring the decrease in PS II activity in photoinhibitory conditions and in the presence of 
an inhibitor of protein synthesis. The activity of the wild type and the pA2::psbA2 strain both 
decreased in a linear fashion, with the latter decreasing slightly faster (Fig. 5.11(C)). 
However, the rate of photodamage was much faster in the pA2::psbA1 strain, which declined 
to ~20% of activity within 30 min of photoinhibitory treatment. Therefore D1ʹ is more 
sensitive to light and is photodamaged more easily than D1, and contributes to the increased 
susceptibility to photoinhibition of D1ʹ-containing PS II centres in the pA2::psbA1 strain.  
5.4.2 Response of low-oxygen induced PS II centres to high light 
The sensitivity of D1ʹ-containing PS II centres to higher light intensities was also tested in 
strains expressing psbA genes from the low-oxygen responsive psbA1 promoter. Cultures 
were prepared as described in Materials and Methods for low-oxygen experiments. Analysis 
of oxygen evolution in the presence of 15 mM sodium bicarbonate revealed that the rate of 
whole-chain electron transport was similar between the wild type and the pA1::psbA1 and 
pA1::psbA2 strains, consistent with the data obtained from low-light incubated cultures (Fig. 
5.12(A)); the rates of steady-state oxygen evolution for these three strains were 314 ± 53, 268 




, respectively (Fig. 5.12(D)). As observed in the low-
light incubated cultures, the oxygen evolution in the pA1::psbA2 strain initially proceeded at a 
rate comparable to the wild type upon the onset of actinic illumination, but was rapidly 
photoinactivated; an even more pronounced effect was observed in the presence of the 
artificial quinone DMBQ (Fig. 5.12(B)). The strains expressing a psbA mRNA from the low-
oxygen responsive promoter had lower rates of DMBQ-mediated PS II-specific oxygen 
evolution activity than the wild type, again consistent with the low-light-incubated cultures; 
however, in these high-light-incubated cultures, the PS II activity of the pA1::psbA1 strain 
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was much lower than the pA1::psbA2 control (Fig. 5.12(B)). The saturated rates of steady-





 for the wild-type and the pA1::psbA1 and pA1::psbA2 strains, respectively.  
 
 
Figure 5.12 Analysis of oxygen evolution in psbA mutant strains under low-oxygen and high light intensity. 
Cultures were grown photomixotrophically to mid-exponential phase in standard, aerobic conditions, re-




 constant white light. Low-
oxygen conditions were then induced by bubbling continuously with 1% CO2 in N2. After 5 h, oxygen evolution 
was measured in the presence of 15 mM sodium bicarbonate (A and D), 200 μM DMBQ and 1 mM K3Fe(CN)6 
(B and E) or 200 μM DCBQ and 1 mM K3Fe(CN)6 (C and F). Representative primary data obtained are shown 
in (A-C); up arrows indicate the onset, and down arrows indicate the cessation of actinic illumination. The 
strains were: the wild type (dotted black lines) and the pA1::psbA1 (solid black lines) and pA1::psbA2 strains 
(solid grey lines). (C-F) Saturated rates of oxygen evolution over the first 30 s of actinic illumination; data 






Lower levels of DCBQ-mediated PS II-specific oxygen evolution were observed in the low-
oxygen induced mutant strains than the wild type, and the photoinactivation observed in the 
pA1::psbA2 strain in the presence of bicarbonate and DMBQ was also apparent (Fig. 5.12(C)). 
The pA1::psbA1 and pA1::psbA2 strains evolved comparable rates of oxygen in the presence 
of DCBQ, though the former was still slightly lower; saturated rates of steady-state oxygen 




, respectively, compared with 679 




 for the wild type (Fig. 5.12(F)). This effect may be explained by a 
greater affinity of DCBQ for the QB pocket of PS II or greater ability to outcompete the native 
quinones of PS II or to oxidise the PQ pool than DMBQ (Srivastava et al., 1995). Therefore it 
seems that in highlight conditions, DMBQ-mediated oxygen evolution is impaired in the 
pA1::psbA1 strain compared with its pA1::psbA2 control. In strains carrying mutations in 
hydrophilic region of the low-molecular-weight PS II subunit, PsbL, DMBQ becomes 
inhibitory at higher concentrations due to defective assembly of the QB binding site (Luo & 
Eaton-Rye, 2008; Luo et al., 2014). It is possible that the decreased rate of PS II-specific 
oxygen evolution in the pA1::psbA1 strain in the presence of DMBQ is due to a higher 
concentration of the quinone relative to the number of functional reaction centres, which in 
combination with an impaired QB site leads to inhibition of electron transport.  
To investigate this phenomenon further, the room-temperature Chl a fluorescence 
characteristics of these strains were analysed after one flash and were similar in the wild type 
and pA1::psbA1 strain, but appeared to be much faster in the pA1::psbA2 strain, with a much 
larger amplitude contribution from the fast phase and less from the middle phase (Fig. 
5.13(A)). The pA1::psbA2 decay trace was very similar to those obtained from cultures 
incubated in lower light conditions, suggesting that the slower decay observed in the wild 
type and the pA1::psbA1 strain was due to a specific effect of high light intensity on the rate of 
QA
-
 re-oxidation by PS II (Fig. 4.12(C)). This effect was exacerbated after three flashes, with 
decay becoming even faster in the pA1::psbA2 strain and slower in the wild type and the 
pA1::psbA1 strain (Fig. 5.13(D)).  




Figure 5.13 Analysis of Chl a fluorescence decay after one (A-C) or three (D-F) saturating single-turnover 
flashes. Wild type (closed black squares) and the pA1::psbA1 (open squares) and pA1::psbA2 strains (closed grey 
squares) were grown photomixotrophically to mid-exponential phase in standard, aerobic conditions, re-




 constant white light. Low-
oxygen conditions were then induced by bubbling continuously with 1% CO2 in N2. After 5 h, fluorescence 
decay was measured in the absence (A and D) or presence of 200 μM DMBQ (B and E) or 40 μM DCMU (C 
and F). The data shown are the average traces from 3 independent biological replicates, normalised to FM.  
Oxygen evolution experiments suggested that PS II activity in the pA1::psbA1 strain was 
inhibited by the addition of the artificial quinone DMBQ in highlight, low-oxygen conditions 
(Fig. 5.12). Fluorescence decay after one saturating single turnover flash was similar between 
the wild type and the pA1::psbA1 strains in the presence of DMBQ, and slightly faster in the 
pA1::psbA2 strain (Fig. 5.13(B)). In all strains, the middle phase of the decay was slower and 
accounted for a larger amplitude in the presence of DMBQ than observed in the no-addition 
sample. This is consistent with the literature and suggests interference of this molecule with 
quinone exchange at the QB site of PS II due to its oxidative effect on the PQ pool (Deák et 
al., 2014). After three flashes, the fluorescence decay of the pA1::psbA1 strain was markedly 





much slower middle phase and a larger amplitude of the slow phase (Fig. 5.13(E)). The 
fluorescence decay observed in the wild type and the pA1::psbA2 strain after three flashes was 
not inhibited by DMBQ any more than observed after one flash, suggesting a specific 
inhibitory effect of DMBQ on the QA
-
 re-oxidation capability of the D1ʹ-containing PS II 
centres in the pA1::psbA1 strain. 
In the presence of the herbicide DCMU, the fluorescence decay of the wild type and the 
pA1::psbA2 strain were indistinguishable after one flash, and showed a similar increase in 
half-time in the fast phase of the decay after three flashes (Fig. 5.13(C) and (F)). The 
perturbations to back charge-recombination previously observed in the pA1::psbA1 strain 
when incubated in lower light conditions (Fig. 4.12(B)) were observed in these samples after 
one flash, including the decreased half-time and larger amplitude of the fast phase.  
From this data one can conclude that the assembly of PS II centres in the pA1::psbA1 and 





 as at 40 μE.m-2.s-1. However, there appear to be considerable differences in the electron 
transport characteristics induced by the higher light intensity. The presence of the artificial 
quinone DMBQ severely inhibits oxygen evolution and Chl a fluorescence decay after 
multiple PS II turnovers in the pA1::psbA1 strain. This suggests a perturbed conformation of 
the QB binding site, leading to inhibition by DMBQ, and may be related to the enhanced 
turnover of reaction centres observed in other experiments.  
In low-oxygen conditions, the wild type and pA1::psbA1 strains both displayed slower rates of 
Chl a fluorescence decay and therefore forward electron transport than the pA1::psbA2 strain, 
and this effect was exacerbated by a higher light intensity (Fig. 4.12; Fig. 5.13(A)). A similar 
effect was observed in the pA2::psbA1 strain in aerobic conditions (Fig. 5.6(A)). This 
phenomenon may be related to the presence of the D1ʹ protein in the PS II centres of these 
strains. Under highlight and/or low-oxygen conditions, the PQ pool would easily become 
over-reduced, leading to increased ROS generation (Kallas et al., 2011; Chukhutsina et al., 
2014). Perhaps the incorporation of D1ʹ into PS II reaction centres results in a slow-down of 
PQ pool reduction, both by increased proteolytic turnover of centres and perturbed electron 
transport capacity in assembled centres, allowing regulation of the redox state of the 
photosynthetic ETC under low-oxygen conditions. 
However the impairment in forward electron transport observed in these conditions may also 
originate from the association of another inhibitory or interfering factor with PS II in response 
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to low-oxygen or highlight conditions. A candidate for such a factor would be the flavodiiron 
proteins (FDPs), Flv2 and Flv4, which form a PS II-associated heterodimer,  and provide an 
alternative electron flow to oxygen as a photoprotective mechanism for reaction centres under 
CO2-limiting conditions (Zhang et al., 2012; Shimakawa et al., 2015). Their up-regulation in 
response to highlight conditions is well established, and low-oxygen conditions also induced a 
3.2-fold increase in the expression of the flv2-sll0218-flv4 transcript (Summerfield et al., 
2008; Zhang et al., 2009). Further research is needed to determine the role of these FDPs in 
the response of Synechocystis 6803 to low-oxygen conditions.  
5.5 Discussion 
In chapters three and four it was hypothesised that a small, complementary population of D1'-
containing PS II centres might exert a regulatory activity on the D1-containing majority of 
centres under low-oxygen conditions. In this chapter, a possible mechanism for this activity 
was explored.  
The data in chapters three and four suggested a low level of assembled PS II reaction centres 
when the sole psbA gene was expressed from the psbA1 promoter in low-oxygen conditions. 
This was confirmed in this chapter using BN- and 2D-PAGE, and similar decreases in levels 
of PS II activity and assembled reaction centre complexes (relative to the appropriate control) 
were observed in a strain in which psbA1 was constitutively expressed from the psbA2 
promoter. SDS-PAGE and immunodetecton using a global D1 antibody revealed a lower 
accumulation of D1' protein compared to D1, regardless of the promoter, and an absence of 
the pD1 precursor polypeptide in strains expressing psbA1 alone (Fig. 5.7). This led to the 
hypothesis that D1' is subject to an enhanced turnover as part of the PS II repair pathway.  
Experiments in high light confirmed the increased susceptibility of D1' to light-induced 
photodamage, which might explain the necessity for an increased turnover of this protein; in 
high light conditions the rate of photodamage exceeded the rate of repair and consititutively-
expressed D1' was unable to sustain photoautotrophic growth (Fig. 5.11). A similar sensitivity 
to high light was also observed in D1'-containing reaction centres induced under low-oxygen 
conditions, suggesting that this is an inherent property of the D1' protein (Fig. 5.12). This 
enhanced-turnover mechanism may be responsible for restricting D1'-containing reaction 
centres to a small population in the wild type under low-oxygen conditions; however, its 






Chapter Six: Characterisation of Chl-deficient strains 
carrying a mutation in the chlH gene 
6.1 Characterisation of Chl a deficient strains in aerobic conditions 
The initial stages of the investigation into photosynthesis under low-oxygen conditions in 
Synechocystis 6803 involved the construction and characterisation of a series of mutant strains 
in which psbA1 (or the entire LOC) was inactivated, using an approach similar to that 
described in Chapter Three. The following constructs were made: a ∆LOC
K
 plasmid, in which 
all six genes in the low-oxygen cluster were deleted and replaced with a 1.2 kb kanamycin-
resistance cassette (constructed by McKay, 2010); and a ∆psbA1
S 
plasmid in which the 
slr1181 ORF was interrupted at the intragenic AvrII restriction site by a 2.0 kb 
spectinomycin-resistance cassette. These constructs were transformed into wild-type 
Synechocystis 6803 and re-streaked until segregation was confirmed, and the resulting strains 
were characterised.  
While the strains described in Chapter Three did not display any major phenotypes in aerobic 
conditions, these strains did display noticeable phenotypes when characterised in aerobic 
conditions. Photoautotrophic growth was similar in both the ∆LOC
K 
and ∆psbA1 strains in 
standard, aerobic growth conditions, in BG-11 (pH 7.5), while the ∆psbA1
S 
strain displayed 
increased doubling times compared with the wild type (15.2 ± 0.6 h compared with 13.2 ± 1.0 
h, respectively) (Fig. 6.1(A)). The ∆LOC
K
 strain doubled every 14.0 ± 0.1 h for the first 48 h 
of photoautotrophic growth.  
  





Figure 6.1 Growth and pigment composition of wild type GT-O1 (black), ∆LOC
K
 (blue) and ∆psbA1
S
 (red) 




. Data shown 
are the mean OD 730 nm ± the standard error of three independent biological replicates. (B) Room temperature 
whole cell absorption spectra of strains. Data shown are representative of three independent biological replicates. 
(C) Cellular Chl a content of strains (in μg.mL
-1
). Cells were manually counted under a microscope using a 
haemocytometer and diluted to a given cell number per mL before Chl extraction. 
During photoautotrophic growth the colours of the mutant cultures appeared slightly different 





therefore assessed using room temperature whole-cell absorption spectroscopy (Fig. 6.1(B)). 
Strains grown photoautotrophically to mid-exponential phase in BG-11 (pH 7.5) liquid media 
in standard aerobic conditions displayed the typical absorption maxima for Synechocystis 
6803: Chl a at 435 and 682 nm, phycobilins at 625 nm, and the carotenoid shoulder at 489-
520 nm. The phycobilin and carotenoid absorption maxima were similar across all strains, 
with a negligible decrease in the 625 nm maxima of the ∆LOC
K
 strain. However in the mutant 
strains, a noticeable decrease in both Chl a absorption maxima was consistently observed, 
suggesting a decrease in the Chl a content of these cells relative to the wild type.  
To confirm this observation, cellular Chl a content was analysed on a per-cell basis. Cells 
were counted manually using a haemocytometer under a light microscope and adjusted to the 
same number per millilitre (between 30 and 270 million cells per mL) and pigments extracted 
in 90% methanol before being measured spectrophotometrically at 663 nm. Wild-type cells 
contained 47.9 ± 3.8 ng of Chl a per 10
6
 cells, according to this method (Fig. 6.1(C)). In 
comparison, both mutant strains contained reduced amounts of Chl a: 27.8 ± 2.5 and 32.9 ± 
1.9 ng Chl a per 10
6









strains the level of Chl a was decreased 32-42% relative to the wild type; in contrast, the 
∆LOC
S
 and ∆psbA1 strains characterised in Chapter Three both contained Chl a levels per 
cell approximately similar to the wild type in aerobic conditions (Fig. 3.14). The reason for 
this discrepancy was not understood at the time of characterisation.  
To investigate the effect of reduced cellular Chl a content in these strains, low temperature 
(77 K) fluorescence emission spectroscopy was performed. Cultures were grown 
photoautotrophically to mid-exponential phase, in BG-11 (pH 7.5) liquid media in standard 
aerobic conditions, and excitation of Chl a molecules performed using light with a 440 nm 
wavelength. In all strains, emission maxima were present from PS I (with a peak emission at 
725 nm) and the PS II core components CP43 (685 nm) and CP47 (695 nm) (Fig. 6.2(A)). In 





strains both displayed decreased PSI emission maxima, with 725:695 nm ratios 
of 1.65 ± 0.40 and 1.69 ± 0.13, respectively. Around ~80% of the Chl a in cyanobacterial 
cells is associated with PS I (Shenet al., 1993); therefore, this decrease in PS I emission 
correlates with the observed decrease in Chl a levels and suggests that the accumulation of 





strains. In addition, a slight increase in emissions from both the CP43 and CP47 
components of PS II was observed in the mutants, and was more prominent in the ∆psbA1
S 
strain; the ratio of the 695:685 nm maxima was also slightly lower in this strain.  









 strains (red) using 440 nm (A) or 580 nm (B) excitation wavelengths. Data shown are 
representative spectra of five independent biological replicates. Spectra in (A) are normalised to the 507 nm 
emission maxima of a sodium fluorescein internal standard; spectra in (B) are normalised to the phycocyanin 
emission maxima at 665 nm.  
Excitation of the phycobilin pigments at 77 K using 580 nm excitation energy revealed an 
increased emission maximum at 685 nm in the ∆LOC
K
 strain; this emission was more 
pronounced in the ∆psbA1
S 
strain (Fig. 6.2(B)). This indicates uncoupling of the PBS from the 
photosystems and a reduction in energy transfer in these strains. A decrease in the PS I 
emission maxima at 725 nm was also observed using this technique, confirming the reduction 
in the PS I: PS II ratio observed in Figure 6.2(A).  
The stoichiometry of the photosystems is a tightly regulated factor in photosynthetic 
organisms. It affects the ratio of LEF: CEF and thus the ATP: NADPH ratio important for 
cellular processes, as well as the redox poise of the PQ pool, and must be adjusted in cells in 
response to frequent changes in nutrient and light quality and intensity in the environment 
(Murakami & Fujita, 1993; Hihara et al., 1998; Sonoike et al., 2001; Midorikawa et al., 
2009). The synthesis of the constituent proteins and their cofactors, especially tetrapyrroles 
such as Chl a, must also be carefully co-ordinated to avoid the accumulation of toxic 
biosynthesis intermediates and damaging ROS (Sobotka, 2014). The altered levels of Chl and 










assembly of the photosynthetic apparatus. The photosynthetic activity of these strains was 
therefore characterised.  




strains on a per-cell basis. Whole-chain oxygen evolution, measured in the presence of 15 
mM HCO3
-
, was reduced in both mutant strains compared to the wild type (Fig. 6.3(A)). The 
wild type evolved oxygen at a saturated rate of 468 ± 25 μmol O2 per 2*10
7
 cells per hour 
(where 2*10
7
 cells is equivalent to 1 mg of Chl in the wild type; these units are used in place 









evolved 321 ± 19 and 352 ± 9 μmol O2 per 2*10
7
 cells per hour, respectively – a decrease of 
approximately 30% relative to the wild type, consistent with the ~30% decrease in cellular 
Chl a content. A similar decrease was observed when PS II-specific oxygen evolution was 





strains evolved 356 ± 6 and 252 ± 14 μmol O2 per 2*10
7
 
cells per hour, respectively, compared with 427 ± 33 μmol O2 per 2*10
7
 cells per hour for the 
wild type. 




Figure 6.3 Photosynthetic activities of wild type GT-O1 (black), ∆LOC
K
 (blue) and ∆psbA1
S
 strains (red). (A) 
Oxygen evolution of strain obtained in the presence of 15 mM HCO3
-
 or (B) 200 μM DCBQ and 1 mM 
K3Fe(CN)6. Samples were adjusted to contain the same amount of cells per mL. Black up arrows indicate the 
onset of illumination; down arrows indicate the cessation. The data shown are representative traces of three 
independent biological replicates. (C-D) Room temperature variable Chl a fluorescence induction in the absence 
(C) or presence (D) of 40 μM DCMU. Traces are normalised to the same initial fluorescence (FO) for 
comparison. Data shown are the average of four independent biological replicates.  





was also analysed on a per-cell basis. The wild type and mutant strains displayed similar 
induction kinetics over the first millisecond after the onset of actinic illumination, and 
produced similar O-J transients (Fig. 6.3(C)). However, the ∆psbA1
S 
strain displayed an 
elevated J-I transient and a delayed I-P rise, with a P plateau at around 1 s; the ∆LOC
K 
strain 





Many hypotheses have been formulated to explain the origin of the I-P rise in the Chl a 
fluorescence induction transients of photosynthetic organisms, and one of the most well-
supported is that it is modulated by PS I activity including the rate of re-oxidation of PQH2, 
the ratio of active to inactive FNR, and perhaps even PS I content (Strasser et al., 1995; 





strains. In addition, fluorescence induction measured in the presence of 40 μM 





compared to the wild type (Fig. 6.3(D)). An unusual secondary induction component, not 
present in the wild type, was also observed in these strains – an increase analogous to the I-P 
rise, starting at ~0.5 s and reaching a peak at ~3 s after onset of actinic illumination. This is 
consistent with the observed defects in PS II-specific oxygen evolution and suggests that PS II 




strains. However, this effect could also arise 
from a change in absorption cross-section from the movement of the PBS antennae, or a 
decrease in fluorescence quenching due to reduction of the PQ pool.  
Given the trace expression of psbA1 mRNA in aerobic conditions (Sicora et al., 2006; 




 strains was 
unexpected. To confirm that the phenotypes did in fact arise from the inactivation of this 
gene, a complementation strategy was undertaken, where an intact psbA1 gene was integrated 
into a neutral location in the genome of the ∆psbA1
S 
mutant. First, a 2.8 kb region containing 
the psbA1 ORF, associated transcriptional elements, the slr1182 and part of the slr1183 ORFs 
(including an SpeI restriction site) was amplified from wild-type genomic DNA (Fig. 6.4(A)) 
and ligated into pGEM-T Easy to produce the pGEM-T-psbA1 plasmid (Fig. 6.4(B)). A 2.0 kb 
chloramphenicol-resistance cassette, containing the cat gene, was amplified from pUC19-
ChlR using primers designed to introduce SpeI restriction sites to the 5’ and 3’ ends of the 
amplicon. This PCR product was digested with SpeI enzyme and ligated into SpeI-digested 
pGEM-T-psbA1 plasmid to produce the pGEM-T-psbA1
C 
plasmid (Fig. 6.4(D)).  




Figure 6.4 Complementation of the ∆psbA1 GT-O2 mutant strain. (A) Genomic diagram of the psbA1 region. 
The blue bar denotes a 2.8 kb region containing psbA1, slr1182 and part of slr1183 amplified by PCR using the 
black primers indicated. Primers are numbered according to Ref# in Table 2.1. All diagrams are to scale; the 
black bar indicates 1 kb. (B) The 2.8 kb PCR product was ligated into pGEM-T Easy to produce the pGEM-T-
psbA1 plasmid. The Spe1 site used for insertion of the chloramphenicol resistance cassette is indicated. (C) 
Verification of the pGEM-T-psbA1 plasmid by restriction digest with EcoR1. (D) A 2.0 kb PCR product 
containing the chloramphenicol-resistance cassette was amplified from pUC19-ChlR using primers which 





Spe1 and ligated together to produce the pGEM-T-psbA1
C 
plasmid. (E) Verification of the pGEM-T-psbA1
C 
plasmid by restriction digest with EcoR1. (F) Genomic diagram of the slr2031 region, considered to be neutral 
site for chromosomal integration. The blue bar denotes a 2.1 kb PCR product amplified using the black primers 
indicated. The Bcl1 site used for insertion of the psbA1-ChlR-Bcl1 PCR product is indicated. (G) The 2.1 kb 
PCR product was ligated into pGEM-T Easy to produce the pGEM-T-slr2031 plasmid.  (H) A 3.5 kb PCR 
product containing psbA1, slr1182, part of slr1183 and the chloramphenicol-resistance cassette was amplified 
from pGEM-T-psbA1
C  
using primers designed to introduce Bcl1 restriction sites at its 5’ and 3’ ends. This PCR 
product and the pGEM-T-slr2031 plasmid were digested with Bcl1 and ligated together to produce the Comp-
psbA1 plasmid. This plasmid was transformed into the ∆psbA1
S 
strain and successful transformants selected for 
on BG-11 media containing chloramphenicol and spectinomycin to produce the ∆psbA1
S
-Comp-psbA1 strain. (I) 
Verification of the Comp-psbA1 plasmid by restriction digest with EcoR1 (lane 1) and HindIII/PvuII (lane 2). (J) 
Genomic diagram of the slr2031 region in the ∆psbA1
S
-Comp-psbA1 strain. (K) Colony-PCR confirming 
integration of the psbA1 gene and selection cassette into the Bcl1 site in slr2031. PCR products were amplified 
from the genomic DNA of the wild type (lane 1) and the ∆psbA1
S
-Comp-psbA1 strain (lane 2) using the black 
primers indicated in (F) and (J).  
The slr2031 gene is considered a neutral site in the chromosome of Synechocystis 6803, and 
has been used previously for homologous recombination with no observed effect on 
phenotype (Aoki et al., 2011; Sakurai et al., 2012). A 2.1 kb PCR product containing the 
slr2031 gene and appropriate flanking regions was amplified from wild-type genomic DNA 
(Fig. 6.4(F)) and ligated into pGEM-T Easy to produce the pGEM-T-slr2031 plasmid (Fig. 
6.4(G)). A 3.5 kb PCR product containing both the psbA1 insert and chloramphenicol-
resistance cassette was amplified from the pGEM-T-psbA1
C 
plasmid using primers designed 
to introduce BclI restriction sites to the 5’ and 3’ ends of the amplicon. This product and the 
pGEM-T-slr2031 plasmid were digested with BclI enzyme and the former was ligated into 
the unique intragenic BclI site in the latter to produce the Comp-psbA1 plasmid (Fig. 6.4(H)). 
This plasmid was verified by restriction digest (Fig. 6.4(I)) and sequencing, and transformed 
into the ∆psbA1
S 
strain to produce the ∆psbA1
S
-Comp-psbA1 strain (Fig. 6.4(J)). Successful 
transformants were selected for on BG-11 media containing spectinomycin and 
chloramphenicol and re-streaked until segregation was confirmed by colony-PCR (Fig. 
6.4(K)).  
Initial characterisation of the ∆psbA1
S
-Comp-psbA1 strain was performed using whole-cell 
absorption spectroscopy on cells grown to mid-exponential phase in standard aerobic growth 





-Comp-psbA1 strain (Fig. 6.5(A)); both strains retained the decreased Chl a 
absorption maxima compared with the wild type. Further characterisation using low 
temperature (77 K) fluorescence spectroscopy revealed a reduced PS I emission and slightly 
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increased PS II emission in the ∆psbA1
S
-Comp-psbA1 strain – very similar to that observed in 
the ∆psbA1
S 
strain (Fig. 6.5(B)). These results suggest that complementation of the ∆psbA1
S
 
strain with an intact psbA1 gene did not compensate for the defect in Chl accumulation or the 
perturbation to Photosystem stoichiometry or photosynthetic activity; therefore, the 





Figure 6.5 Spectral phenotypes of the wild type GT-O1 (solid black line) and the ∆psbA1
S
 (red line) and 
∆psbA1
S
-Comp-psbA1 (dotted black line) strains. Cultures were grown photoautotrophically to mid-exponential 




 in aerobic conditions. Data shown are representative of two independent 
biological replicates. (A) Room-temperature whole-cell absorption spectra. Representative spectra are shown 
normalised to 750 nm. (B) Low-temperature (77 K) fluorescence emission spectra obtained with a 440 nm 
excitation wavelength. Representative spectra were normalised to the 507 nm emission maxima of a sodium 
fluorescein internal standard.  
6.2 Characterisation of wild type GT-O2 
Inconsistencies between phenotypes of wild-type controls had recently been noticed in our 
laboratory, including a higher cell density in the late-stationary phase of photoautotrophic 
growth in a wild type strain labelled ‘GT-O1’ compared with another labelled ‘GT-O2’ 
(Morris et al., 2014). To investigate this, the genomic DNA of the two wild-type strains was 
isolated and re-sequenced to 50-fold coverage using the Illumina HiSeq 2000 system; 
sequence variants identified by genome assembly using either CLC Genomics Workbench or 





sequencing. Both strains contained four novel, non-silent sequence variants which suggested 
an evolutionary divergence from the ancestral glucose-tolerant Williams strain (Williams, 
1988), from which were descended our wild-type strains and the GT-Kazusa strain used for 
the original genome sequence of Synechocystis 6803 (Kaneko et al., 1996). Other wild-type 
sub-strains, characterised and recently re-sequenced by other laboratories world-wide, were 
found to be descended from the original obligate autotroph isolate of Synechocystis sp. PCC 
6803 (Tajima et al., 2011; Kanesaki et al., 2012; Trautmann et al., 2012).  
Six sequence variants were found to be unique to the GT-O2 wild-type strain. These included: 
a G to A SNP in the slr1609 ORF, resulting in an Arg641-Gln substitution in the long-chain 
fatty-acid CoA ligase, FadD; a G to A SNP in the slr1055 ORF, resulting in a Gly195Glu 
substitution in the Magnesium-protoporphyrin IX chelatase subunit H, ChlH; a G deletion in 
the slr1204 ORF, resulting in a frameshift in the serine metalloprotease, HtrA/DegP; a G to A 
SNP in the slr0154 ORF, resulting in a Ser307-Phe substitution in the CruE hypothetical 
protein; and a G to A SNP in the sll0750 ORF, resulting in an Arg65-Cys substitution in the 
histidine kinase of a two-component sensor system, Hik8. 
Characterisation of the pigment composition in these two wild-type strains was performed 
using whole-cell absorption spectroscopy. Both strains contained the typical absorption 
maxima for Synechocystis 6803 (Fig. 6.6(A)). The 489-520 nm carotenoid shoulder and 625 
nm phycobilin maxima were the same between both wild types; however, the GT-O2 strain 





strains. In addition, characterisation of photosystem stoichiometry using low-
temperature (77 K) fluorescence emission spectroscopy revealed that the considerable 





also present in the GT-O2 wild type, as was the small increase in PS II emissions (Fig. 
6.6(B)). The strain displayed a decreased PS I: PS II ratio of 1.50 ± 0.10, compared with 2.53 





strains originated not from the inactivation of the psbA1 gene but 
from a pre-existing phenotype present in the wild-type background into which the mutagenic 
constructs had been transformed. 




Figure 6.6 Spectral phenotypes of wild types GT-O1 (solid black line) and GT-O2 (dashed black line) grown 




 in aerobic conditions. Data shown 
are representative of two independent biological replicates. (A) Room temperature whole-cell absorption spectra. 
Spectra are normalised to the phycobilin emission maxima at 625 nm to aid comparison. (B) Low-temperature 
(77 K) fluorescence absorption spectra obtained using a 440 nm excitation wavelength. Representative spectra 
are normalised to the 507 nm emission maxima of a sodium fluorescein internal standard.  
To confirm their wild-type background, regions of the slr1055 and sll0750 genes (which, in 
wild-type GT-O2, contained the SNPs described above) were amplified from the genomic 




strains, as well as the ∆psbA1 strain characterised in 
Chapter Three. Sanger sequencing of these PCR products revealed the presence of the G to A 





strains, but not in the ∆psbA1 strain (Fig. 6.7(A)). The G to A SNP in 





strains, thus confirming that these strains had been constructed and 
characterised in the GT-O2 wild-type background, and that the phenotypes described above 
had in fact originated from the mutations in this strain. The ∆psbA1 strain previously 
described was constructed in the GT-O1 background, consistent with its unaltered levels of 






Figure 6.7 Confirmation and consequence of GT-O2 background in selected strains. (A) Alignment of 






 strains. The chlH-
Gly195Glu substitution (caused by a G-A transversion) is highlighted. (B) Photoautotrophic growth of wild 
types GT-O1 and GT-O2 (closed and open squares, respectively) and the ∆ycf48 (GT-O1) and ∆ycf48 (GT-O2) 
strains (closed and open diamonds, respectively). Cultures were illuminated at 40 μE.m-2.s-1; data shown are the 
mean ± standard error of 2-3 independent biological replicates.  
6.3 Characterisation of the ChlH-G195E and Hik8-R65C mutations 
The slr1055 and sll0750 ORFs of many other mutant strains in our laboratory were amplified 
and sequenced at this stage, and it was found that some had been unknowingly constructed in 
the wild-type GT-O2 background, resulting in unintentional phenotypic consequences. One of 
these was a strain in which the ycf48 gene had been inactivated by insertion of a 
spectinomycin-resistance cassette. This conserved protein is thought to be involved in PS II 
assembly in phototrophic organisms, and has also been implicated in the repair cycle of PS II 
in cyanobacteria (Rengstl et al., 2011; Komenda et al., 2012; Jackson et al., 2014). 
Inactivation of this gene in a GT-O1 background resulted in impaired photoautotrophic 
growth, reduced steady-state oxygen evolution and PS II assembly, and perturbed pigment 
composition and Chl a fluorescence (Jackson et al., 2014). However, when the same 
inactivation was performed in a GT-O2 wild-type background, photoautotrophic growth was 
completely abolished (Fig. 6.7(B)). This suggests that the effects of the mutations present in 
the GT-O2 wild type exacerbate the impairment in PS II assembly and/or repair imposed upon 
the cell by of inactivation of ycf48, to the point where cell division becomes impossible.  
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The ycf48 (GT-O2) strain presented a valuable tool with which to further investigate the 
phenotypes of the GT-O2 wild type and its derivative strains. An experiment was devised, in 
which each of the GT-O2 mutations were complemented by the respective sequence from the 
GT-O1 wild type, and successful revertants selected for by restoration of photoautotrophic 
growth in this strain. For each mutation in GT-O2, a PCR product of between 1000-800 bp in 
length was amplified from the respective region of GT-O1 wild-type genomic DNA (Fig. 
6.8(A)), along with a 2.0 kb PCR product containing the full-length ycf48 ORF to serve as a 
positive control (Fig. 6.8(B)).  For this experiment, ∆ycf48 (GT-O2) cells grown 
photomixotrophically to early exponential phase were washed with BG-11 to remove glucose, 
and immobilized in 0.8% agar in BG-11 media containing appropriate antibiotics but no 
glucose (spectinomycin was omitted from the ycf48 positive control plate). One microgram of 
each purified PCR product (or 10 μg of wild-type GT-O1 genomic DNA) was then dotted on 
top on the immobilised cells. Plates were incubated in standard growth conditions for 
approximately two weeks before being photographed. 
Photoautotrophic growth was restored in Δycf48 GT-O2 cells complemented with either wild-
type (GT-O1) genomic DNA or the full-length ycf48 PCR product, evidenced by the 
formation of a ‘lawn’ in only the area where DNA had been applied (Fig. 6.8(C) and (G), 
respectively). No growth was observed in the non-transformed area of the plates. Cells 
complemented with the GT-O1 sequences of slr1609 (fadD) or slr0154 displayed only a 
marginal increase in the number of colonies compared with cells in non-transformed areas of 
the plate (Fig. 6.8 (F) and (I), respectively), and no growth was observed for cells 
complemented with slr1204 (htrA) (Fig. 6.8(E)). However, cells dot-transformed with aGT-
O1-derived PCR product containing slr1055 (chlH) showed a notable increase in growth 
compared with non-transformed areas (Fig. 6.8 (D) and (J)). This was most apparent in the 
cells complemented with both chlH and sll0750 (hik8) (Fig. 6.8 (J)), though complementation 
with hik8 alone was not enough to restore photoautotrophic growth (Fig 6.8 (H)). From these 
data it was hypothesised that the Gly195Glu substitution in ChlH of the wild-type GT-O2 
background, combined with the inactivation of ycf48, resulted in the loss of photoautotrophic 
growth in the ∆ycf48 (GT-O2) strain (Fig. 6.7(B)). The decreased growth in the slr1055 
complementation compared with the slr1055 + sll0750 complementation suggested an 









Figure 6.8 Photoautotrophic selection assay. (A) PCR products (of each gene which contained mutations in GT-
O2) were amplified from wild-type GT-O1 genomic DNA and purified. Lanes: 1: slr1055 (chlH); 2: slr1204 
(htrA); 3: slr1609 (fadD); 4: sll0750 (hik8); 5: slr0154. (B) Amplification of a PCR product containing the full-
length ycf48 gene, to serve as a positive control. (C-J) Top agar complementation experiment. The ∆ycf48 (GT-
O2) strain was grown to photomixotrophically to mid-exponential phase, harvested and immobilised in 0.8% top 
agar in the presence of spectinomycin (but no glucose). 1 μg of each PCR product shown in (A) and (B) was 
spotted on top of the immobilised cells. (C) Wild type GT-O1 genomic DNA; (D) slr1055 (chlH); (E) slr1204 
(htrA); (F) slr1609 (fadD); (G) slr2034 (ycf48); (H) sll0750 (hik8/sasA): (I) slr0154; (J) slr1055 (chlH) + 
sll0750 (hik8).  
 
ChlH is a component of the multi-subunit enzyme magnesium chelatase, which catalyses the 
first committed step in the Chl biosynthesis pathway in phototrophic organisms – the ATP-
dependent insertion of Mg
2+
 into protoporphyrin IX (Jensen et al., 1996). It also has a 
regulatory role in these organisms: it is the only known anti-sigma factor in cyanobacteria, 
and has been shown to interact with the RNA polymerase SigE subunit and repress 
transcription in the light (Osanai et al., 2009). It is highly conserved across phototrophic 
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organisms and has been implicated in plastid-to-nucleus signal transduction, in which it relays 
information regarding the state of the tetrapyrrole biosynthesis pathway in the chloroplast, and 
regulates the transcription and therefore accumulation of Chl-containing proteins in 
Arabidopsis thaliana (Mochizuki et al., 2001). Electron microscopy and small-angle x-ray 
scattering studies of the ChlH subunit from the cyanobacterium Thermosynechococcus 
elongatus described a 148-kDa protein of 1326 amino acid residues which formed two 
domains – a large, cage-like structure, attached to a globular N-terminal domain by a narrow 
linker (Qian et al., 2012). The glycine residue at position 195 (which is mutated to a 
glutamate residue in GT-O2) is in a highly conserved region, and is itself highly conserved 
across cyanobacteria, though there seems to be a clade in which one of two ChlH subunits 
present in some cyanobacteria contains a conservative substitution to an alanine at this 







Figure 6.9 (next page) Amino acid sequence alignment of the (A) chlH and (B) hik8 genes in selected 
cyanobacteria, centred on the Gly195 and Arg65 residues, respectively. Gene sequences were downloaded from 
Cyanobase (http://genome.microbedb.jp/cyanobase) and aligned using the MUSCLE function of Geneious. The 
level of conservation across species is indicated by shading; darker shading indicates a more highly conserved 
residue. Above each alignment is shown the mean relative hydrophobicity and isoelectric point of each residue 
position, and a yellow square indicates the position of the substitution in GT-O2. Species abbreviations: Acaryo: 
Acaryochloris marina MBIC11017; Ana7120: Anabaena sp. PC 7120 (2 genes); Arthplat: Arthrospira platensis 
NIES-39; Ava29413: Anabaena variabilis ATCC 29413; Cce51142: Cyanothece sp. ATCC 51142; Cyn7424: 
Cyanothece sp. PCC 7424; Cyn7425: Cyanothece sp. PCC 7425; Cyn8801: Cyanothece sp. PCC 8801; Gvi7421: 
Gleobacter violaceus PCC 7421; Micro: Microcystis aeruginosa NIES-843; Npun: Nostoc punctiforme ATCC 
29133; PromarMED: Prochlorococcus marinus MED4; PromarMIT: Prochlorococcus marinus MIT9313; 
PromarSS: Prochlorococcus marinus SS120; Syn6301: Synechococcus elongatus PCC 6301; Syn6803: 
Synechocystis sp. PCC 6803; Syn7002: Synechococcus sp. PCC 7002; Syn9311: Synechococcus sp. PCC 9311; 
SynWH: Synechococcus sp. WH 8102; Thermo: Thermosynechococcus elongatus BP-1; Tery101: 
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Hik8 is a histidine kinase and the environmental sensor of a two-component system. In 
Synechocystis 6803 Hik8 activates a signal cascade which regulates the expression of 
glycolytic and oxidative pentose phosphate pathway genes (Okada et al., 2015). Deletion of 
this gene results in a conditionally lethal, pleiotropic phenotype in carbohydrate metabolism, 
including defects in glycogen storage and utilisation and altered primary metabolism (Singh 
& Sherman, 2005). Conversely, over-expression of Hik8 in Synechocystis 6803 altered sugar 
and amino acid metabolism, and increased levels of the SigE transcript and protein in both 
light and dark (Osanai et al., 2015). The Hik8 homologue in the marine cyanobacterium 
Synechococcus elongatus sp. PCC 7942, SasA, is known to interact with the DNA-binding 
protein RpaA (a homologue of the Synechocystis 6803 response regulator Rre31) and 
physically associate with KaiC clock proteins, and is necessary to sustain circadian 
oscillations in gene expression (Iwasaki et al., 2000; Takai et al., 2006). No structural 
information exists for Hik8 but the arginine-65 amino acid residue is likely to be in the 
cytosolic region of this protein, and is conserved across cyanobacteria – in some species, this 
residue is a lysine (Fig. 6.9(B)). The substitution of this residue for a cysteine in the GT-O2 
wild type may result in the formation of sulfide bridges between Hik8 monomers, or may 
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6.4 Construction of the hik8c and chlH-complement strains 
To confirm the roles of the ChlH-G195E and Hik8-R65C substitutions in the phenotypes 
displayed by the GT-O2 wild-type strain, and to understand more of the mechanism behind 
them, it was necessary to re-construct the mutations de novo. As the R65C substitution in 
sll0750 is close to the 5’ end of the gene, where an antibiotic-resistance cassette could be 
inserted, it was not necessary to first delete this gene in order to introduce the mutation – 
homologous recombination combined with antibiotic resistance should be enough selective 
pressure to ensure transformation. Flanking regions of approximately 1.0-1.5 kb were 
amplified from either wild-type GT-O1 or GT-O2 genomic DNA; the left flank included the 
entire hik8 ORF, and in the latter wild type this contained the G to A SNP which results in the 
R65C substitution in the protein (Fig. 6.10(A) and (B)). These flanking regions and a 
chloramphenicol-resistance cassette, amplified with appropriate complementary overlapping 
sequences at their 5’ and 3’ ends, were used as templates in an overlap-extension PCR 
reaction (Fig. 6.10(C)). The resulting 2.3 kb PCR products were A-tailed and ligated into 
pGEM-T Easy to produce the pGEM-T-hik8c-O1 and pGEM-T-hik8c-O2 plasmids (Fig. 
6.10(D)). After verification by restriction digest (Fig. 6.10(E)) and sequencing these plasmids 
were transformed into wild-type GT-O1 to produce the hik8c-O1 and hik8c-O2 strains (Fig. 
6.10(F)). Successful transformants were selected for on solid BG-11 media containing 
chloramphenicol and re-streaked until segregation was confirmed by colony PCR (Fig. 






Figure 6.10 Construction of the hik8c strains. (A) Genomic diagram of the hik8 (sll0750) region showing the 
position of primers and amplified PCR products (blue lines) used in overlap-extension PCR. The yellow triangle 
indicates the position of the Arg to Cys mutation present at position 65 in the GT-O2 strain. Blue primers 
indicate those used to amplify primary PCR products, and black primers those used for the overlap-extension 
reaction and subsequent colony-PCRs. Primers are numbered according to Ref# in Table 2.1. Numbers next to 
PCR products refer to the lanes in (B). All diagrams are to scale; the black bar indicates 1 kb. (B) Amplification 
of the primary PCR products used to create the overlap-extension mutagenesis construct. Lanes: 1: Left flank 
containing the hik8 gene amplified from wild-type GT-O1 genomic DNA; 2: Left flank containing the hik8 gene 
amplified from wild-type GT-O2 genomic DNA; 3: Chloramphenicol-resistance cassette amplified from pUC19-
ChlR; 4: right flank containing sll0749 amplified from GT-O1 wild-type genomic DNA. (C) Amplification of 
the 2.3 kb overlap-extension PCR product using the nested black primers indicated in A and the primary PCR 
products shown in (B). O1: Overlap-extension product generated using the left flank amplified from GT-O1; O2: 
overlap extension product generated using the left flank amplified from GT-O2. These products were A-tailed 
and ligated into pGEM-T Easy to create the pGEM-T-hik8c plasmids shown in (D). (D) Structure of the pGEM-
T-hik8c plasmid. These plasmids were transformed into wild-type GT-O1 and selected for by resistance to 
chloramphenicol to produce the hik8c-O1 and hik8c-O2 strains. (E) Verification of the pGEM-T-hik8c-O1 (lane 
1) and –O2 plasmids (lane 2) by restriction digest with the EcoRI enzyme. (F) Genomic structure of the hik8 
(sll0750) region in the hik8c-O1 and hik8c-O2 strains. The R65C substitution is only present in the hik8c-O2 
strain. (G) Colony PCR of the wild type (lane 1), hik8c-O1 (lane 2) and hik8c-O2 (lane 3) strains generated using 
the black primers indicated in (A) and (F). These products were Sanger sequenced to confirm the presence of the 
R65C substitution in hik8c-O2 and its absence in hik8c-O1.  
Characterisation of a ChlH mutation 
206 
 
De novo introduction of the ChlH-G195E substitution proved to be more difficult due to the 
large size of the chlH gene and the position of the mutation. In addition, previous attempts to 
delete this gene resulted in partially segregated strains, suggesting that chlH is essential to the 
viability of Synechocystis 6803 (Kong & Xu, 2002). The strategy utilised in this study 
involved the complementation of wild-type Synechocystis 6803 strains with an additional 
chlH gene – containing either the GT-O1 or GT-O2 sequence – by integration at a neutral site 
in the chromosome. The native chlH gene was then deleted to prevent recombination and 
allow analysis of the G195E substitution. First, an insertion site was created within the 
slr0168 ORF and the majority of the gene deleted; this site has been utilised for almost 20 
years as a platform for genomic integration with no reported effects on any aspect of cellular 
growth, viability or metabolism (Kunert et al., 2000; Gao & Xu, 2009; Voss et al., 2009). 
Flanking regions containing ~1 kb up- and down-stream of slr0168 were amplified using 
primers designed to introduce complementary overlapping regions (Fig. 6.11(A) and (B)). 
The left flank 3’ primer also introduced a HindIII restriction site. These PCR products, along 
with a spectinomycin-resistance cassette amplified from pUC19-specR, were used as 
templates in an overlap-extension PCR reaction (Fig. 6.11(C)). The resultant 3.3 kb PCR 
product was A-tailed and ligated into pGEM-T Easy to produce the ∆slr0168 plasmid (Fig. 
6.11(D)), which was then verified by restriction digest (6.11(E)) and sequencing. This 
plasmid was transformed into wild-type GT-O1 to produce the ∆slr0168 control strain (Fig. 
6.11(F)); successful transformants were selected for on BG-11 solid media containing 







Figure 6.11 Construction of the ∆slr0168 strain. (A) Genomic structure of the slr0168 neutral site region. 
Primary PCR products used for overlap-extension are shown in blue, as are the primers used to generate them. 
Numbers refer to the lanes in (B), and black primers indicate those used for nested overlap-extension and 
subsequent colony PCRs. Primers are numbered according to Ref# in Table 2.1. All diagrams are to scale and the 
black bar indicates 1 kb. (B) Amplification of the primary PCR products used to create the overlap-extension 
mutagenesis construct. Lanes: 1: Left flank containing sll0338 amplified from wild-type GT-O1 genomic DNA; 
2: Spectinomycin-resistance cassette amplified from pUC19-specR; 3: Right flank containing slr0169 amplified 
from GT-O1 wild-type genomic DNA. (C) Amplification of the 3.3 kb overlap-extension PCR product using the 
nested black primers indicated in (A) and the primary products shown in (B). This product was A-tailed and 
ligated into pGEM-T Easy to create the ∆slr0168 plasmid shown in (D). (D) Structure of the ∆slr0168 plasmid. 
This plasmid was transformed into the GT-O1 wild-type and selected for by resistance to spectinomycin to 
produce the ∆slr0168 strain. (E) Verification of the ∆slr0168 plasmid by restriction digest with HindIII and 
PvuII enzymes. (F) Genomic structure of the slr0168 neutral site region in the ∆slr0168 strain. Note that a 
HindIII site has been introduced immediately upstream of the spectinomycin resistance cassette. (G) Colony 
PCR of the wild type (lane 1) and the ∆slr0168 strain (lane 2) generated using the black primers indicated in (F). 
These products were Sanger sequenced to confirm correct mutagenesis.  
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To produce the chlH-complement precursor strains, the entire slr1055 ORF was amplified 
from either GT-O1 or GT-O2 wild-type genomic DNA using primers designed to introduce 
HindIII sites (Fig. 6.12(A) and (B)). These PCR products were digested with HindIII enzyme 
and ligated into HindIII-digested ∆slr0168 plasmid to produce the chlH-O1-Complement and 
chlH-O2-Complement plasmids (Fig. 6.12(C)), which were verified by restriction digest (Fig. 
6.12(D) and (E)) and sequencing. These plasmids were then transformed into both GT-O1 and 
GT-O2 wild types to produce the GT-O1:ChlH-O1, GT-O1:Chl-O2, GT-O2:ChlH-O1 and 
GT-O2:ChlH-O2 precursor strains (Fig. 6.12(F)). Successful transformants were selected for 
on solid BG-11 media containing spectinomycin, and re-streaked until segregation at the 
slr0168 site was verified by colony-PCR (Fig. 6.12(G)). The presence of the G to A 
transversion – encoding the Gly195Glu substitution – in the ChlH-O2 strains, and its absence 
in the ChlH-O1 strains, was confirmed by Sanger sequencing of colony PCR products after 








Figure 6.12 Construction of the chlH-complement precursor strains. (A) Genomic structure of the slr1055 
(chlH) region. The PCR product used to create the overlap-extension construct to produce the chlH-Complement 
strains is shown in blue, as are the primers used to amplify them. Primers are numbered according to Ref# in 
Table 2.1. Numbers next to PCR products refer to the lanes in (B), and the yellow triangle indicates the 
Gly195Glu mutation present in the GT-O2 wild type. HindIII restriction sites indicated were introduced in the 
amplifying primers. All diagrams are to scale and the black bar indicates 1 kb. (B) Amplification of the PCR 
product containing the full-length chlH gene from wild-type GT-O1 (lane 1) or GT-O2 (lane 2) genomic DNA. 
These products were purified, digested with HindIII and ligated into a HindIII-digested ∆slr0168 plasmid (Fig. 
6.11) to produce the chlH-O1-complement or chlH-O2-complement plasmids, respectively. (C) Structure of the 
chlH-complement plasmids. These plasmids were transformed into the GT-O1 and GT-O2 wild types and 
selected for by resistance to spectinomycin to produce the GT-O1:ChlH-O1, GT-O1:ChlH-O2, GT-O2:ChlH-O1 
and GT-O2:ChlH-O2 strains. Note that the native chlH gene was subsequently deleted in these strains by 
transformation with the ∆chlH plasmid (Fig. 6.13), yielding a strain with spectinomycin and chloramphenicol 
resistance. (D) Verification of the chlH-complement plasmids by restriction digest with the EcoR1 enzyme. 
Lanes: 1: chlH-O1-complement; 2: chlH-O2-complement. (E) Verification of the chlH-complement plasmids by 
restriction digest with the HindIII and PvuII enzymes. Lanes: 1: chlH-O1-complement; 2: chlH-O2-complement. 
(F) Genomic structure of the slr0168 neutral site region in the chlH-complement strains. Note that the G195E 
substitution is present only in the GT-O1:ChlH-O2 and GT-O2:ChlH-O2 strains. (G) Colony PCR confirmation 
of the chlH-complement strains. Lanes: 1: GT-O1:ChlH-O1; 2: GT-O1:ChlH-O2; 3: GT-O2:ChlH-O1; 4: GT-
O2:ChlH-O2. PCR products were amplified using the primers indicated in (F). Such a product could not be 
amplified from wild type due to the position of the 5’ primer.  
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The chlH-complement precursor strains still contained the chlH gene in its native location, but 
determining the impact of the GT-O2 chlH gene required that the original copy be deleted. To 
do so, a ∆chlH construct was created using overlap-extension PCR. Flanking regions 
containing ~1 kb up- and down-stream of slr1055 were amplified from wild-type GT-O1 
genomic DNA using primers designed to add overlapping complementary sequences (Fig. 
6.13(A)), along with a ~1.2 kb chloramphenicol-resistance cassette amplified from pUC19-
chlR (Fig. 6.13(B)). These PCR products were used as templates in an overlap extension PCR 
reaction (Fig. 6.13(C)) and the resultant 3.2 kb amplicon was A-tailed and ligated into pGEM-
T Easy to produce the ∆chlH plasmid (Fig. 6.13(D)). This plasmid was verified by restriction 
digest (Fig. 6.13(E)) and sequencing, and transformed into wild-type GT-O1 and each of the 
four chlH-Complement precursor strains to produce the ∆chlH and GT-O1:ChlH-O1, GT-
O1:ChlH-O2, GT-O2:ChlH-O1 and GT-O2:ChlH-O2 strains, respectively (Fig. 6.13(F)). 
Successful transformants were selected for on BG-11 solid media containing either 
chloramphenicol alone or spectinomycin and chloramphenicol, and re-streaked until 
segregation was confirmed by colony PCR (Fig. 6.13(G)). Colonies were formed following 
transformation of the ∆chlH construct into wild-type GT-O1, but growth stopped after the 
second re-streak, suggesting that in non-complemented strains the native chlH gene was 






Figure 6.13 Construction of the ∆chlH plasmid and deletion of the native chlH gene from chlH-complement 
strains. (A) Genomic structure of the native slr1055 (chlH) region. Primary PCR products used for overlap-
extension are shown in blue, as are the primers used to generate them. Primers are numbered according to Ref# 
in Table 2.1. Numbers next to PCR products refer to the lanes in (B), and black primers indicate those used for 
nested overlap-extension and subsequent colony PCRs. The position of the Gly195Glu mutation present in the 
GT-O2 wild-type is indicated by a yellow triangle. All diagrams are to scale and the black bar indicates 1 kb. (B) 
Amplification of the primary PCR products used to create the overlap-extension mutagenesis construct. Lanes: 1: 
Left flanking containing sll1009 amplified from wild-type GT-O1 genomic DNA; 2: chloramphenicol-resistance 
cassette amplified from pUC19-chlR; 3: Right flank containing slr1056 amplified from GT-O1 wild-type 
genomic DNA. (C) Amplification of the 3.2 kb overlap-extension PCR product using the nested black primers 
indicated in (A) and the primary products shown in (B). This product was A-tailed and ligated into pGEM-T 
Easy to create the ∆chlH plasmid shown in (D). (D) Structure of the ∆chlH plasmid. This plasmid was 
transformed into the chlH-complement strains as well as the GT-O1 wild type and selected for by resistance to 
chloramphenicol to produce the ∆chlH strains. (E) Verification of the ∆chlH plasmid by restriction digestion 
with the EcoRI enzyme. (F) Genomic structure of the native chlH region in the ∆chlH and chlH-complement 
strains. (G) Colony PCR products generated using the primers indicated in (F). Lanes: 1: GT-O1 wild type; 2: 
GT-O1:ChlH-O1; 3: GT-O1:ChlH-O2; 4: GT-O2:ChlH-O1; 5: GT-O2:ChlH-O2. PCR products were 
subsequently Sanger sequenced to confirm correct mutagenesis. Note that no viable ∆chlH strain could be 
produced in a wild-type background – only those which had already been complemented with chlH in an ectopic 
location.  
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6.5 Characterisation of the hik8c and chlH-complement strains 
The hik8c-O1 and hik8c-O2 strains contained either the non-mutated or R65C-encoding 
variants of the sll0750 (hik8) gene, respectively (Fig. 6.10). Initial characterisation of these 
strains was performed using whole-cell absorption spectroscopy. When grown 
photoautotrophically in BG-11 liquid media (pH 7.5) in standard, aerobic growth conditions, 
ratio of the 625 nm to 682 nm absorption maxima in both strains was reduced by ~20% 
compared with the GT-O1 wild type (Fig. 6.14(A)). However, no difference in pigment 
composition was observed between the R65C-containing hik8c-O2 strain and its hik8c-O1 
control strain. In addition, no difference was observed between the wild type and either of the 
hik8c strains when low temperature (77 K) fluorescence absorption spectroscopy with a 440 
nm excitation wavelength was used to assess photosystem stoichiometry (Fig. 6.14(B)).  
 
 
Figure 6.14 Spectral phenotypes of the hik8c strains. Cultures were grown photoautotrophically to mid-




 in aerobic conditions. Data shown are representative of two 
independent biological replicates. (A) Room-temperature whole-cell absorption spectra of the wild type GT-O1 
(black line) and the hik8c-O1 (blue) and hik8c-O2 (red) strains. Spectra are shown normalised to 750 nm (B) 
Low-temperature (77 K) fluorescence emission spectra of strains obtained with a 440 nm excitation wavelength. 





This indicates that the Hik8-R65C mutation was not directly responsible for the defect in Chl 
biosynthesis observed in the GT-O2 wild type and its derived strains. The decrease in the 
phycocyanin absorption maxima observed in both hik8c strains may be due to non-specific 
effects of the mutagenesis constructs – there are a number of non-coding RNA molecules 
transcribed from the genomic region around sll0750, and it is possible that insertion of the 
chloramphenicol-resistance cassette has disrupted the accumulation of these transcripts, with 
downstream effects on protein accumulation (Fig. 6.10; (Kopf et al., 2014)).  
Initial characterisation of the chlH-complement strains and their controls was performed using 
whole-cell absorption spectroscopy on cultures grown photoautotrophically to mid-
exponential phase in liquid BG-11 media (pH 7.5) in standard, aerobic growth conditions. No 
difference was observed between the spectra of the wild-type GT-O1 and the ∆slr0168 control 
strain, confirming that the inactivation of this gene had no effect on cellular pigment 
composition (Fig. 6.15(A)). Complementation of the GT-O1 wild type with the GT-O1 chlH 
sequence resulted in a similar spectra, confirming that the insertion of a chlH gene into the 
neutral site had successfully complemented the deleted native chlH gene in the GT-O1:ChlH-
O1 strain. However, introduction of the ChlH-G195E variant of the chlH gene into the neutral 
site resulted in a decrease in Chl a absorption maxima at 435 and 682 nm and a concomitant 
decrease in the 682: 625 nm ratio in the GT-O1:ChlH-O2 strain. Conversely, no noticeable 
differences were observed between the absorption spectra of the GT-O2:ChlH-O2 strain and 
its GT-O2 wild-type control (Fig. 6.15(B)). However, reversion of the G195E mutation by 
complementation with the GT-O1 sequence of chlH resulted in a restoration of the 682: 625 
nm ratio to levels similar to wild-type GT-O1, as seen in the GT-O2:ChlH-O1 strain (Fig. 
6.15(B)). This strain also showed a slight increase in the level of the 489-520 nm carotenoid 
shoulder and an increased 435 nm Chl a absorption relative to the GT-O2 control strains. 
These results suggest that the G195E mutation in chlH is responsible for the altered pigment 
absorption spectra observed in the GT-O2 wild type and its derived strains.  




Figure 6.15 Pigment composition and growth of the chlH-complement strains. (A) Room-temperature whole-
cell absorption spectra of wild type GT-O1 (black) and the GT-O1:ChlH-O1 (blue) and GT-O1:ChlH-O2 (red) 





aerobic conditions. Representative spectra are shown normalised to the phycobilin absorption maxima at 625 nm 
to aid comparison. (B) Spectra of wild type GT-O2 (black), the ∆slr0168  control strain (dotted black) and the 
GT-O2:ChlH-O1 (blue) and GT-O2:ChlH-O2 (red) strains. (C) Levels of Chl a in the strains. Cells were 
manually counted using a haemocytometer, Chl a extracted in 90% methanol and assayed 
spectrophotometrically. Data shown are the mean concentration of Chl in μg.mL-1 per unit of optical density at 
730 nm ± the standard error from three independent biological replicates. (D) Photoautotrophic growth of wild-
type GT-O1 (closed black squares) and the ∆slr0168 control strain (dotted line, closed black squares), GT-
O1:ChlH-O1 (closed blue squares) and GT-O1:ChlH-O2 ( closed red squares) strains. Cultures were incubated in 
standard aerobic growth conditions. The data shown are representative of three independent biological replicates. 
(E) Photoautotrophic growth of wild-type GT-O2 (open black squares) and GT-O2:ChlH-O1 (open blue squares) 





To confirm the effect of the ChlH-G195E substitution on Chl biosynthesis, levels of Chl a 
were quantified in the chlH-complement strains and their controls. Cells were counted 
manually and the relationship between cell number and optical density at 730 nm determined 
to simplify quantification and ensure consistency with Chl a levels reported in the literature. 
Strains containing the GT-O1 sequence of chlH (that is, a glycine residue at position 195 of 
the ChlH protein) contained between 3.90 ± 0.26 and 3.74 ± 0.20 micrograms of Chl a per mL 
of cells at an OD730 nm of 1.0 (for the GT-O2:Chl-O1 strain and wild-type GT-O1, 
respectively) (Fig. 6.15(C)). In contrast, strains which contained the G195E mutation in chlH 
had approximately 35% less cellular Chl than those which did not. Values ranged from 2.46 ± 




 for wild-type GT-O2 and GT-O1:ChlH-O2, 
respectively. These data confirm the impairment of Chl a accumulation conferred by the 
introduction of a G195E mutation in the ChlH subunit of magnesium-protoporphyrin IX 
chelatase in Synechocystis 6803. Given the function of this gene and its position in the 
tetrapyrrole biosynthesis pathway it is likely that this decreased accumulation is due to 
impaired biosynthesis of Chl a.  
Photoautotrophic growth was also assessed in the chlH-complement strains. All strains were 
capable of photoautotrophic growth, and all strains made in a GT-O1 background grew at 
approximately the same rate as the wild type (Fig. 6.15(D)). The ∆slr0168 strain appeared to 
reach a slightly higher cell density in late-stationary phase than either the wild type or either 
chlH-complement strain, and the GT-O1:ChlH-O2 strain seemed to grow slightly slower, but 
not as slow as the GT-O2 wild type. The GT-O2:ChlH-O1 and GT-O2:ChlH-O2 strains grew 
considerably slower than the wild-type GT-O2 for the first 24 h of photoautotrophic growth, 
but reached a slightly higher cell density after a week (Fig. 6.15(E)). There did not seem to be 
any effect on growth of restoring the G195E mutation in the GT-O2 background and the 
initial growth rate of the GT-O2 wild type was faster compared to both chlH-complement 
strains in the same background.  
Photosystem assembly and stoichiometry in the chlH-complement strains and their control 
strains was assessed by low temperature (77 K) fluorescence spectroscopy using 440 nm 
excitation energy. Inactivation of the slr0168 gene had no effect on PS I: PS II ratio, nor was 
any difference observed between wild-type GT-O1 and the GT-O1:ChlH-O1 control strain 
(Fig. 6.16(A)). However, introduction of the ChlH-G195E mutation into a GT-O1 background 
resulted in a considerable decrease in the fluorescence emission at 725 nm, indicative of a 
large decrease in PS I emission in the GT-O1:ChlH-O2 strain. The 725:695 nm ratio 
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decreased to 1.55 ± 0.11 in this strain, compared with 2.53 ± 0.17, 2.28 ± 0.05 and 2.37 ± 0.21 
for the wild-type GT-O1, ∆slr0168 and GT-O1:ChlH-O1 strains, respectively. The ratio 
between the CP43 and CP47 emissions from PS II also seemed to be perturbed in the GT-
O1:ChlH-O2 strain. 
 
Figure 6.16 Low-temperature (77 K) fluorescence absorption spectroscopy of chlH-complement strains. (A) 
Spectra obtained using 440 nm excitation wavelength from strains in a GT-O1 or (B) GT-O2 background. Wild 
types: solid black lines; ∆slr0168 control strain: dotted black line; ChlH-O1 sequence: blue lines; ChlH-O2 
sequence: red lines. Spectra representative of two independent biological replicates are shown normalised to the 
507 nm emission maxima of a sodium fluorescein internal standard. (C) Spectra obtained using 580 nm 
excitation energy from strains in a GT-O1 or (D) GT-O2 background. Representative spectra are shown 





Indeed, as observed with measurements of cellular Chl a content, a reduction in PS I 
fluorescence emission was observed in all strains in which the G195E mutation was present in 
chlH (Fig. 6.16(B)). This included the GT-O2 wild type and the GT-O2:ChlH-O2 control 
strain; the 725: 695 nm ratio for these strains was 1.50 ± 0.10 and 1.42 ± 0.05, respectively. 
Restoration of the ChlH-G195E mutation in the GT-O2:ChlH-O1 strain resulted in an 
increase in PS I emissions compared with GT-O2 wild type, and an increase in the 725: 695 
nm ratio to 2.02 ± 0.12 – similar to that observed in native chlH-containing strains.  
Energy transfer from the PBS antennae in these strains was also studied using 77 K 
fluorescence emission spectroscopy. When excited with 580 nm wavelength light, no major 
differences were observed between the wild-type, ∆slr0168 and GT-O1:ChlH-O1 control 
strains (Fig. 6.16(C)). Fluorescence emission from phycocyanin, allophycocyanin and the 
ApcE PBS terminal emitter appeared similar in the GT-O1:ChlH-O2 strain, in contrast to the 





strains (Fig. 6.2(B)); the GT-O1:ChlH-O2 strain also displayed the decreased PS I emission at 
725 nm observed using 440 nm excitation energy. Similar fluorescence emission spectra were 
observed in the GT-O2 wild type and GT-O2:ChlH-O2 strain, though the latter appeared to 
have a slightly decreased phycocyanin emission at ~645 nm (Fig. 6.16(D)). In comparison, 
reversion of the G195E mutation in the GT-O2:ChlH-O1 strain resulted in an increase in 
fluorescence emission at 725 nm. An increased emission at 685 nm was also observed in this 
strain, suggesting increased uncoupling of PBS antennae.  
These results strongly suggest that in ChlH the G195E substitution results in a decreased ratio 
of PS I content relative to PS II in Synechocystis 6803. This perturbed stoichiometry may 
occur as a result of impaired Chl biosynthesis induced by the mutation, rather than a specific 
down-regulation of PS I genes; however, given the requirement of Chl a cofactor insertion 
into nascent polypeptides for complete folding of Chl-binding proteins, it also seems likely 
that the accumulation of PS I proteins and assembly of functional reaction centres would be 
affected by a putative reduction in the flux through the Chl biosynthesis pathway (Eichacker 
et al., 1996; Sobotka, 2014).  
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6.6 The effect of high light conditions on strains with impaired Chl a 
biosynthesis 
Cyanobacteria frequently experience fluctuations in light quality and intensity in their natural 
environments. High light intensities in particular pose both a threat to survival and a potential 
excess of energy input; biochemical adaptation to these changes and the stresses that 
accompany them are one of the primary challenges facing cyanobacteria. Chl biosynthesis and 
the biogenesis and repair of pigment-protein complexes in thylakoid membranes are integral 
to these processes and must be carefully regulated to allow growth and proliferation. The 
impairment in Chl accumulation conferred by the ChlH-G195E mutation may provide insight 
into the mechanisms of highlight adaptation in Synechocystis 6803. To investigate this 
possibility, the photoautotrophic growth of the GT-O1 and GT-O2 wild types and their 




 constant illumination were analysed.  
Both wild-type strains of Synechocystis 6803 grew rapidly and at approximately the same rate 
for the first 48 h under highlight (Fig. 6.17(A); Table 6.2), with doubling times of 9.4 ± 0.5 
and 9.0 ± 1.1 h for the GT-O1 and GT-O2 wild types, respectively. After this point the growth 
of the GT-O1 wild type slowed slightly, but in GT-O2 cells growth appeared to completely 
stop and cell density decreased slightly over the next two days, accompanied by a noticeable 
bleaching of the cultures (Fig. 6.17(E)). Cell density increased slowly for the remainder of the 
analysis period and eventually almost reached the level of GT-O1, but the cultures remained 
bleached.  
The similar initial growth rate of both wild-type strains suggests that the higher light intensity 
is not in itself enough to halt photoautotrophic growth in the GT-O2 wild-type strain, but 
these cells cannot acclimate to prolonged highlight exposure. Chl biosynthesis is thought to be 
enhanced, and photosystem stoichiometry adjusted (mainly by down-regulation of PS I) as 
part of an acclimation response to high light intensity (Hihara et al., 1998; Sonoike et al., 
2001; Kopecná et al., 2012). Given the predicted deleterious effect of the ChlH-G195E 
mutation on this biochemical pathway, it was hypothesised that impaired Chl biosynthesis 
could be responsible for the bleaching observed in the GT-O2 strain. To test this, 
photoautotrophic growth at high light intensity was assessed in the chlH-complement strains 







Figure 6.17 Photoautotrophic growth of wild-type, hik8c and chlH-complement strains in highlight conditions. 
Cultures were grown at 200 μE.m-2.s-1 in un-buffered BG-11 media. Data shown are the mean OD 730 nm ± the 
standard error from at least three independent biological replicates. (A) Wild type GT-O1 (closed black squares) 
and GT-O2 (open black squares). (B) hik8c-O1 (closed black triangles) and hik8c-O2 strains (open black 
triangles). (C) The ∆slr0168 control strain (closed black diamonds; dotted line), GT-O1:ChlH-O1 (closed blue 
squares) and GT-O1:ChlH-O2 (closed red squares) strains. (D) GT-O2:ChlH-O1 (open blue squares) and GT-
O2:ChlH-O2 (open red squares) strains. (E) Photograph of wild type GT-O1 (left) and GT-O2 (right) taken 
immediately after 144 h photoautotrophic growth in high light conditions.  
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As observed in analyses of photoautotrophic growth at moderate light intensity, inactivation 
of the slr0168 gene resulted in a slightly higher cell density after a week of photoautotrophic 
growth, a phenomenon also observed in the GT-O1:ChlH-O1 control strain (Fig. 6.17(C)). No 
major differences in growth rate between these strains and GT-O1 wild type were observed, 
with doubling times ranging from 9.4 ± 0.5 to 10.5 ± 0.9 h for wild-type GT-O1 and the GT-
O1:ChlH-O1 strain, respectively (Table 6.2); however, introduction of the ChlH-G195E 
mutation in the GT-O1:ChlH-O2 strain resulted in a decrease in growth rate (doubling time 
increased to 12.4 ± 0.2 h) and a lower final cell density – an OD730 nm of 2.43 ± 0.01, 
compared with 3.72 ± 0.35 for the GT-O1:ChlH-O1 strain. Cultures of this strain also showed 
some bleaching after about 3 days at high light, as observed for wild-type GT-O2. The GT-
O2:ChlH-O2 strain displayed impaired photoautotrophic growth compared with all other 
strains, with a doubling time of 11.9 ± 2.6 h, and suffered photobleaching in highlight. 
However, this strain did not display the decrease in OD730 nm observed in wild-type GT-O2 
after ~48 h.  
Unexpectedly, restoration of the G195E mutation completely abolished photoautotrophic 
growth in high light conditions in the GT-O2:ChlH-O1 strain. The cause of this drastic 
phenotype is not understood; however, to rule out the influence of other mutations (especially 
the Hik8-R65C substitution) in the phenotypes observe in the GT-O2 wild type, the 
photoautotrophic growth of the hik8c mutant strains in high light conditions was also 
analysed. Both hik8c strains displayed an adverse growth phenotype regardless of the 
sequence of sll0750, which may be explained by disruption of non-coding RNAs in the region 
or by incomplete resistance to the chloramphenicol antibiotic, although this needs to be 
experimentally verified (Fig. 6.17(B)). No difference in doubling times was observed between 
the hik8c strains; therefore, it is unlikely that the Hik8-R65C mutation contributes to the high 










The adverse effect of high light on the GT-O2 strain is interesting and combined with the data 
regarding the G195E mutation in chlH may provide insight into the complex mechanisms of 
light stress adaptation in Synechocystis 6803. To this end, the physiological characteristics of 
the GT-O1 and GT-O2 wild types in high light were analysed. Cultures were grown 
photoautotrophically to mid-exponential phase in un-buffered BG-11 liquid media, and 
pigment composition analysed by whole-cell absorption spectroscopy. Both wild types 
displayed a large increase in the 435 nm and 489-520 nm absorption maxima, originating 
from Chl a and carotenoids, respectively, in comparison with the spectra obtained from 
cultures grown in standard conditions (Fig. 6.18(A)). However, in the GT-O2 strain, the 435 
nm maxima was decreased, and the Chl a absorption at 682 nm was reduced considerably 
compared with GT-O1; the latter strain displayed a decreased 682: 625 nm ratio in 
comparison to cultures grown in standard conditions.  
  





Figure 6.18 Phenotypes of wild-types GT-O1 and GT-O2 grown in high light conditions. Cells were grown 
photoautotrophically to mid-exponential phase, illuminated at 200 μE.m-2.s-1 in un-buffered BG-11 media. Wild-
type strains: GT-O1: black; GT-O2: grey. (A) Room temperature whole-cell absorption spectra. Representative 
data are shown normalised to 750 nm. (B) Low-temperature (77 K) emission spectroscopy, obtained with 440 
nm excitation energy. Representative spectra are shown normalised to the 507 nm emission maxima of a sodium 
fluorescein internal standard. (C) Saturated rates of steady-state oxygen evolution in the presence of 15 mM 
sodium bicarbonate or 200 μM DMBQ and 1 mM K3Fe(CN)6. Data shown are the mean rates of oxygen 
evolution ± the standard error from three independent biological replicates. (D) Primary oxygen evolution data 
of strains obtained in the presence of 200 μM DCBQ and 1 mM K3Fe(CN)6. Black up arrows indicate the onset 
of actinic illumination; down arrows indicate the cessation. The data shown are representative traces from three 





The difference in pigment composition between high light grown GT-O1 and GT-O2 may 
represent an aggravation of the same adverse effect on Chl accumulation observed in standard 
conditions. Low temperature (77 K) fluorescence emission spectroscopy was utilised to see if 
a similar disruption to photosystem stoichiometry was observed in high light grown cells as 
well. Excitation with 440 nm wavelength light revealed a large increase in emissions from PS 
II in the GT-O2 wild type, in particular the 685 nm emission originating from potentially 
unincorporated CP43 (Fig. 6.18(B)). However, the decrease in PS I emissions observed in the 
GT-O2 strain in standard growth conditions did not seem to be present in these cultures. It is 
possible that the enhancement in Chl a biosynthesis or the preferential channelling of newly 
synthesised Chl a into PS I trimers thought to occur in high light conditions has rectified the 
decrease in PS I Chl-protein accumulation in GT-O2.  
An increase in emissions from the CP47 and CP43 core antennae of PS II, observed in GT-O2 
in highlight, could originate from an increase in levels of functional PS II centres; however, it 
is thought that PS I levels are reduced, as opposed to PS II, with a concomitant reduction in 
electron transport as a dynamic acclimation response to high light conditions (Hihara et al., 
1998; Muramatsu & Hihara, 2012). The increase in PS II emission observed in the GT-O2 
wild type would therefore suggest a defect in PS II assembly and an increased pool of 
unincorporated CP47 and especially CP43. Steady-state oxygen evolution was utilised to 
assess the activity of PS II in highlight grown GT-O1 and GT-O2 wild-type strains. Both 
displayed similar saturated rates of whole-chain oxygen evolution in the presence of 15 mM 




 (Fig. 6.18(C)). However, in the 
presence of DMBQ, the saturated rate of oxygen evolution was lower in the GT-O2 wild-type 




, respectively (Fig. 
6.18(D)). This suggests that in the GT-O2 wild type, the activity of PS II is compromised in 
high light conditions.  
6.7 Discussion 
At high light intensities, photoinhibition of PS II is accelerated due to increased light-induced 
oxidative damage, and the repair pathway must be up-regulated to sustain photosynthesis 
(Rehman et al., 2013; Nishiyama & Murata, 2014). This necessitates an increased synthesis of 
the D1 core subunit to replace the selectively degraded D1 proteins; each nascent polypeptide 
requires Chl co-insertion, and Chl availability affects not only translation of the psbA mRNA 
but also post-translational processing of the pD1 precursor (He & Vermaas, 1998; Nagarajan 
& Burnap, 2014). Thus Chl biosynthesis is required for efficient PS II repair; however, there 
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is evidence that Chl molecules from degraded D1 subunits can be recycled for re-use in the 
PS II repair pathway (Vavilin et al., 2007; Hernandez-Prieto et al., 2011; Yao et al., 2012; 
Knoppová et al., 2014). This process is mediated by the small Chl proteins (SCPs) – a family 
of five small Chl-binding polypeptides, evolutionarily related to the membrane-integral light 
harvesting Chl-proteins of higher plants and algae (Funk & Vermaas, 1999; Staleva et al., 
2015). The expression of these proteins is up-regulated considerably in response to high light 
intensity, and are known to stabilise PS I trimers in these stressful conditions, perhaps by 
channelling de novo synthesised Chl into the nascent complexes (Wang et al., 2008). Two 
members of this gene family, ScpC and ScpD, have recently been localised in a Chl-binding 
complex in the early stages of PS II assembly, and are intimately associated with D1 
precursor polypeptides and Chl synthase, the terminal enzyme in the Chl biosynthesis 
pathway (Knoppová et al., 2014; Sobotka, 2014).  
One explanation for the phenotypes observed in this study could be that high light intensity 
induces an enhancement of the biosynthesis of Chl, which is channelled into newly 
synthesised PS I trimers in dividing cells (Kopecná et al., 2012). However, due to the 
proposed reduced flux through the Chl biosynthesis pathway caused by the Gly195Glu 
substitution in ChlH this process may be compromised; yet PS I biogenesis in dividing cells 
consumes all available Chl. Chl co-insertion and processing of the pD1 precursor polypeptide, 
and therefore the PS II repair cycle, could still be maintained for the first ~48 h of 
photoautotrophic growth while cell density is low, due to SCP-mediated recycling of Chl 
molecules (Fig. 6.17(A)). However, after ~48 h in highlight, it is possible that Chl availability 
becomes limiting and PS II repair becomes compromised, which might lead to increased 
photo-oxidative damage to PS II and reduction of PS II activity (Fig. 6.18(C)). This might 
result in an increased proportion of damaged PS II centres (Fig. 6.18(B)), increased 






Chapter Seven: Discussion and Summary 
7.1 Overview 
Cyanobacteria experience a multitude of environmental fluctuations in their daily existence, 
including light levels, nutrient supply and temperature. Oxygen concentrations fluctuate in 
natural cyanobacterial habitats, yet we understand little about the response of these organisms 
or their photosynthetic apparatus to low-oxygen conditions. This project has focussed on the 
effect of low-oxygen conditions on photosynthetic electron transport and the function of the 
genes in a low-oxygen-induced cluster in the model cyanobacterium Synechocystis 6803. In 
particular, the role of the psbA1 gene has been investigated by the use of transcriptional 
analyses and biochemical and physiological analyses of a knockout strain and a set of mutants 
in which the psbA1 and psbA2 genes and their promoters were exchanged. While the 
functional requirement for psbA1 and the D1ʹ protein in cyanobacteria remains unknown, this 
project has produced a number of novel, testable hypotheses regarding its function and 
directions for further experimentation.  
7.1.1 Major findings of this project 
Chapter Three: The role of the LOC 
 The genes of the LOC, including psbA1 and petC2, are expressed as three separate 
transcriptional units, but their expression is co-regulated in response to fluctuations in 
oxygen concentration.  
 None of the genes of the LOC are absolutely required for photoautotrophic growth in 
low-oxygen conditions. 
 Despite only exhibiting trace levels of expression, the psbA1 gene appears to be 
required for the full capacity of the electron transport chain in aerobic conditions.  
 Under low-oxygen conditions, psbA1 and petC2 modulate photosynthetic electron 
transport and there may be a functional relationship between the D1ʹ-containing PS II 
reaction centre complexes and PetC2-containing cytochrome b6f complexes.  
 Deletion of psbA1 results in dysregulation of respiratory electron transport under low-
oxygen conditions.  
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Chapter Four: Characterisation of D1ʹ-containing PS II reaction centres induced under low-
oxygen conditions 
 D1ʹ-containing PS II reaction centres are reversibly assembled in response to low-
oxygen conditions, but the levels of PS II activity are much lower than that observed 
in the wild type. 
 Expression of psbA2 from the low-oxygen responsive psbA1 promoter also results in a 
strain with low PS II activity; neither the D1 nor D1ʹ-containing PS II reaction centres 
in these strains were able to support photoautotrophic growth.  
 The low levels of D1ʹ-containing PS II centres means that even under low-oxygen 
conditions these would form a complementary, minority population. This suggests that 
their role may be to regulate the D1-containing majority population of PS II centres.  
Chapter Five: Assembly and function of D1ʹ-containing PS II reaction centre complexes 
 Even when psbA1 is expressed from the constitutive psbA2 promoter, D1ʹ-containing 
PS II reaction centre complexes are assembled to lower levels than their D1-
containing counterparts. 
 PS II reaction centre complexes containing the D1ʹ protein have an increased rate of 
photodamage and decreased resistance to photoinhibition compared to those 
containing D1, and were unable to support photoautotrophic growth in high light.  
 D1ʹ protein appears to have an altered turnover in comparison to D1, which may be a 
consequence of the increased rate of photodamage, and may mediate a regulatory 
mechanism for PS II centres containing this protein.  
Chapter Six: Characterisation of Chl-deficient strains carrying a mutation in the chlH gene 
 A series of mutants made in a divergent wild-type laboratory strain of Synechocystis 
6803 were characterised and found to be deficient in Chl a biosynthesis. 
 A spontaneous point mutation in the chlH gene was identified which resulted in a 
G195E mutation in the ChlH subunit of the magnesium chelatase enzyme.  
 De novo re-construction of this mutation resulted in strains with reduced Chl a 








7.2 The role of psbA1 and the low-oxygen cluster 
7.2.1 petC2 and psbA1 mediate photosynthetic electron transport 
The gene slr1185 encodes PetC2, an alternative Rieske iron-sulfur protein of the cytochrome 
b6f complex that can partly replace the major Rieske iron-sulfur protein, PetC1 (Schneider et 
al., 2004). This gene is up-regulated under high light and a ΔPetC2 strain exhibited decreased 
sensitivity to highlight conditions compared to the wild type (Tsunoyama et al., 2009). The 
PetC2 protein is not abundant in thylakoid membranes in the wild type but petC2 is induced 
under high light and it has been suggested that PetC2-cytochrome b6f complexes are involved 
in regulatory processes under high light (Tsunoyama et al., 2009); likewise, this may also be 
the case under low oxygen.  
 
Both the psbA1 and petC2 transcripts are up-regulated under low oxygen and high light 
conditions (Summerfield et al., 2008; Tsunoyama et al., 2009; Dai et al., 2014). In addition, 
under nitrogen deprivation increased psbA1 promoter activity was observed in Synechocystis 
6803 and in Anabaena sp. PCC 7120 there was up-regulation of two putative Rieske genes 
all0606 and all1512, which encode for proteins with a high degree of similarity to 
Synechocystis 6803 PetC3 and PetC2 proteins, respectively (Ehira et al., 2003; Dai et al., 
2014). The co-ordinated transcript levels of psbA1 and petC2 indicate there could be a 
functional relationship between the D1ʹ and PetC2 proteins, possibly mediating 
photosynthetic electron transport under specific environmental conditions. However, it is 
unclear whether the decreased re-oxidation of the PQ pool observed in a ∆PetC1 strain 
resulted from low numbers of cytochrome b6f complexes or whether these PetC2-containing 
complexes had impaired function (Schneider et al., 2004;Tsunoyama et al., 2009).  
The increased petC2 transcript levels under low-oxygen conditions were expected to result in 
an increased number of PetC2-cytochrome b6f complexes. Therefore differences in the 
fluorescence induction traces between aerobic and low-oxygen conditions might indicate 
differences in the re-oxidation of the PQ pool due to a change in the cytochrome b6f 
complexes. Indeed, the wild-type fluorescence induction traces from cultures incubated in 
low-oxygen conditions showed an elevated J inflection relative to the aerobic control when 
assayed in microaerobic media, consistent with an increased reduction level of the PQ pool 
under low-oxygen conditions (Aoki & Katoh, 1983). Although the overall variable 
fluorescence induction was decreased, this effect was also observed in the ∆petC2 strain. This 
could be explained by a number of factors, including low levels of PetC2-cytochrome b6f 
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and/or increased abundance of other electron acceptors compensating for the loss of these 
complexes. 
7.2.2 Role of petC2 under low-oxygen 
The up-regulation of the petC2 transcript in response to low-oxygen conditions was lower 
when wild-type cultures were illuminated at 25 μE.m-2.s-1 compared with those illuminated at 
100 μE.m-2.s-1 (Fig. 3.1(B)). This suggests that expression of this gene is less responsive in 
lower light intensities, consistent with the putative regulatory role of the PetC2 Rieske ISP in 
adaptation to high light (Tsunoyama et al., 2009). Nevertheless, deletion of PetC2 resulted in 
a significant increase in the saturated rate of PS II-specific oxygen evolution and a decreased 
rate of quinone exchange in cultures incubated in low-oxygen conditions at these lower light 
intensities. Fluorescence decay in the presence of DBMIB was similar in the wild type and the 
∆petC2 strain, which indicates that the slower quinone exchange in the latter is due to the 
absence of PetC2-containing cytochrome b6f complexes (Fig. 3.20).   
 
The higher rates of DCBQ-mediated oxygen evolution in the ∆petC2 strain under low-oxygen 
implied an increased level of PS II centres; however, 77 K fluorescence spectroscopy showed 
that this was not the case (Fig. 3.17). Furthermore, it revealed the loss of a state transition 
which occurred in the wild type in response to low-oxygen incubation (Fig. 3.18). This is in 
contrast to the phenotype of a ∆petC2 strain which showed more pronounced state transitions 
at moderate light intensities (Tsunoyama et al., 2009). This difference may arise from the 
lower light intensity used in these experiments; state transitions are thought to be a 
mechanism to maximise light-harvesting efficiency at low light intensities, and these results 
suggest that PetC2 is part of the mechanism, at least under low-oxygen conditions 
(Mullineaux & Emlyn-Jones, 2005). The mechanism of state transitions in cyanobacteria is 
not well understood, but the cytochrome b6f complex is a likely candidate for the component 
which senses and communicates the redox state of the PQ pool (Mullineaux & Allen, 1990; 
Kallas, 2011).  
 
An alternative explanation for the data is that low levels of PetC2-containing cytochrome b6f 
complexes are induced during incubation in low-oxygen or high light conditions and regulate 
electron transport by increasing turnover of the cytochrome b6f complexes, perhaps mediated 
by changes in the flexible hinge region of the PetC2 Rieske ISP, and therefore quinone 
exchange at the QB site of PS II (Yan & Cramer, 2003; Schneider et al., 2004; Tsunoyama et 





the absence of PetC2 may be due to remodelling of the QB site in PS II, therefore improving 
access or increasing the affinity of DCBQ, or a perturbed redox state of the PQ pool arising 
from decreased quinone cycling (Srivastava et al., 1995). 
 
This hypothesis could be investigated with a ΔpetC1 strain, in which PetC2 is the only 
thylakoid Rieske protein available, and using spectroscopic and physiological techniques to 
determine the characteristics of a PetC2-containing cytochrome b6f complex, particularly on 
the protein level. Previous research in this area has used such a ΔpetC1 strain (Tsunoyama et 
al., 2009); however, in this strain the expression of the petA gene was likely also 
compromised. As part of this project, a strain has been constructed in which the petC1 gene 
alone should be disrupted, but it has not yet been fully characterised.  
7.2.3 Hypothetical genes of the LOC 
The four other genes in the low-oxygen cluster (slr1182, slr1183, slr1184, ssr1966) are 
categorized as encoding hypothetical proteins, with all except slr1183 predicted to contain 
one or more transmembrane domains. The distribution of the four hypothetical genes in the 
LOC is not conserved across cyanobacteria; however, there appears to be a subset of 
homologous hypothetical genes which occur in proximity to one another and to either psbA1 
or petC2 (Summerfield et al., 2009). In particular, the small ORF preceding petC2 in the 
LOC, ssr1966, has homologues in the genomes of Acaryochloris marina, Anabaena sp. PCC 
7120 and Synechococcus sp. PCC 7002 which are located immediately adjacent to a petC2-
like gene (Fig. 7.1). 5’RACE and RT-PCR data suggested that in Synechocystis 6803 these 
genes are transcribed as a separate functional subunit of the low-oxygen cluster (Fig. 3.3). In 
addition, homologues of the slr1184 ORF are found immediately adjacent to petC2 in the 
genomes of Acaryochloris marina and Cyanothece sp. ATCC 51142 and low-oxygen 
conditions induced the up-regulation of expression of the latter by 13-fold after 1 h 
(Summerfield et al., 2009). These genes were not required for photoautotrophic growth under 
aerobic or low-oxygen conditions, and their deletion did not affect cellular pigment levels 










Figure 7.1 Homologous low-oxygen associated gene clusters in cyanobacteria. The colouring and classification 
of homologous genes or hypothetical ORFs are indicated in the key. Genes are approximately to scale. Retrieved 
from Cyanobase (http://genome.microbedb.jp/cyanobase/; accessed 14 Feb 2015) 
The results of the present study do not exclude the hypothesis that the hypothetical genes, 
along with psbA1 and petC2, may be required for adaptation to high levels of hydrogen 
sulfide. Low-oxygen conditions are often associated with elevated levels of H2S in habitats 
such as freshwater lakes and hot springs; while sulfide can be detrimental to photosynthesis, it 
can also drive facultative anoxygenic (H2S-oxidising) photosynthesis in some cyanobacteria 
(Cohen et al., 1986; Voorhies et al., 2012). Indeed, homologues of low-oxygen induced genes 
from Synechocystis 6803 are commonly found in close proximity to genes involved in sulfide 
tolerance and/or metabolism in other cyanobacteria (Fig. 7.1). In Synechocystis 6803, a set of 
co-regulated genes for arsenic metabolism are found on a transposable IS4 element on the 
plasmid pSYSM, in a divergently transcribed suoRSCT operon with the suoS gene encoding 
the sulfide:quinone oxidoreductase, SQR (Nagy et al., 2014). Immediately downstream of and 
transcribed with suoS are suoR, encoding an ArsR-type transcriptional repressor, and the three 
hypothetical ORFs including sll5034 (Kopf et al., 2014). sll5034 has homology to tll0287, 
which encodes a haemoprotein associated with the D1ʹ-containing PS II in T. elongatus 
(Boussac et al., 2013; Nagy et al., 2014). In the genomes of many other cyanobacteria, 





of sll5034/tll0287 and suoR are found in proximity to suoS and low-oxygen-induced Group 3 
psbA genes, although the arrangement of these genes is not conserved. A hypothetical gene 
encoding a putative ferritin/diiron-binding protein is also associated with suoS or petC2 
homologues in the diazotrophic cyanobacteria Cyanothece sp. PCC 51142, Anabaena sp. PCC 
7120 and Anabaena variabilis ATCC 29413. While the distribution of these hypothetical 
genes does not strictly correlate with any putative function, it does suggest that they may have 
once been part of an ancient fitness island to facilitate the adaptation of the photosynthetic and 
respiratory machinery of cyanobacteria to low-oxygen conditions, and the associated 
metabolic processes of nitrogen fixation and facultative anoxygenic photosynthesis (Ochman 
et al., 2000; Summerfield et al., 2009). Future work is required to investigate the role of the 
low-oxygen-induced genes in adaptation to high levels of hydrogen sulfide.  
7.2.4 Transcriptional response of psbA1 
The transcriptional response of psbA1 in the pA1::psbA1 strain was similar to that observed in 
wild-type Synechocystis 6803:~100-fold induction of psbA1 in the pA1::psbA1 strain and 
~175-fold induction of psbA1 in the wild type following 2 h, and 1.5 h under low-oxygen 
conditions, respectively (Sicora et al., 2009). The bacterial MarR-type transcriptional 
activator ChlR binds to the DNA sequence upstream of psbA1 and induces its expression in 
response to low-oxygen conditions; it also induces the expression of an operon encoding a set 
of oxygen-independent enzymes for tetrapyrrole biosynthesis, including HO2, ChlAII and 
HemN (Aoki et al., 2012, 2014). This transcription factor contains an oxygen-sensitive [4Fe-
4S] cluster and is an important mediator of the physiological response to fluctuating oxygen 
levels in cyanobacteria, particularly in non-heterocystous, diazotrophic species (Ludwig et al., 
2014; Tsujimoto et al., 2014). A constitutively active ChlR variant in a pseudo-revertant 
strain of Synechocystis 6803 activated the expression of psbA1 and the ho2, chlAII and hemN 
operon in aerobic conditions, and expression of psbA1 under low-oxygen conditions is 
abolished in a ∆ChlR mutant strain, suggesting that this factor is necessary and sufficient for 
activation of psbA1 expression (Aoki et al., 2012, 2014).  
 
The bleaching of wild-type cultures after extended low-oxygen cultivation reported 
previously was not observed in these experiments, probably due to the lower light intensities 
used (Summerfield et al., 2011). It is possible that the flux of oxygen-independent tetrapyrrole 
biosynthesis is lower than the oxygen-dependent equivalent, and cannot maintain Chl 
production required for the biogenesis and repair of the photosynthetic apparatus at higher 
light intensities. Indeed, the overall growth of wild-type Synechocystis 6803 was slower under 
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low-oxygen conditions, but that of the various LOC mutants was not. These strains also did 
not display the ‘clumping’ behaviour of the wild type in response to low-oxygen. It is possible 
that the latter behaviour promotes the formation of either microbial mats (commonly found in 
low-oxygen habitats) or macroscopic aggregates, which promote oxygen-sensitive metabolic 
activities such as nitrogen fixation and may provide a selective advantage (Paerl & Prufert, 
1987; Stal, 1995; Stal et al., 1999). In addition, the growth of the wild type under low-oxygen 
was compromised on solid media. One of the pil genes encoding part of the type IV pilin is 
down-regulated under low-oxygen conditions (Summerfield et al., 2008). These structures 
have been implicated in extracellular electron transport and in the transfer of Chl a and 
synthesis of PS II subunits (He & Vermaas, 1999; Lamb et al., 2014; Linhartová et al., 2014). 
Future experiments could investigate the expression of the genes for the type IV pilins and 
their potential roles under low-oxygen conditions.  
7.2.5 Role of psbA1 under low-oxygen 
The reason for the transcriptional co-regulation of the oxygen-independent tetrapyrrole 
biosynthesis enzymes with psbA1 in Synechocystis 6803 is not clear, but a similar co-
regulation does not occur in Synechococcus sp. PCC 7002 (Ludwig et al., 2014). The 
seemingly futile up-regulation of respiratory activity in the ∆psbA1 strain under low-oxygen 
conditions is intriguing in this respect. Oxygen uptake potential doubled in this strain after a 2 
h incubation in low-oxygen conditions, while in the wild type and the ∆petC2 strain it 
decreased by ~60% (Fig. 3.16). In addition, rates of whole-chain oxygen evolution were 
significantly reduced, fluorescence induction was perturbed, and fluorescence decay in the 
presence of DBMIB was slower in the ∆psbA1 strain (Fig. 3.15, Fig. 3.19, Fig. 3.20). These 
data indicate that the regulation of the terminal enzymes of respiratory electron transport is 
dysfunctional in the ∆psbA1 strain, resulting in an inability to maintain the redox state of the 
PQ pool within the required levels for optimal photosynthesis in low-oxygen conditions.  
 
The terminal enzymes of the respiratory ETC are all haem-requiring cytochrome oxidases, 
which reduce oxygen, and their expression may be down-regulated in the wild type in 
response to low-oxygen conditions (Summerfield et al., 2008). Haem is produced via the Fe-
specific tetrapyrrole biosynthesis pathway, which is regulated by many factors to avoid the 
accumulation of harmful ROS molecules, and cyanobacteria must induce an oxygen-
independent set of biosynthesis enzymes to enable photosynthesis and growth to continue 
(Aoki et al., 2014; Busch & Montgomery, 2015; Fujita et al., 2015). The levels of phycobilin 





psbA1 was deleted or its expression altered, and the cellular content of Chl a and PS I was 
decreased in the pA2::psbA1 strain. Taken together these data infer a role for the psbA1 
transcript or D1ʹ protein in regulating the partitioning of tetrapyrrole biosynthesis 
intermediates into either the Fe- or Mg-derivative branch of the pathway to produce haem and 
phycobilins or Chl a, respectively, under low oxygen conditions.  
In addition, ROS molecules are known to exert a regulatory influence on the synthesis of D1 
protein, and their production is likely to be affected by other mechanisms of D1 exchange and 
photoprotection (Kojima et al., 2007; Rehman et al., 2013). Therefore, light-sensitive D1ʹ 
protein might produce ROS as part of a regulatory mechanism; the ROS data in Fig. 4.6 may 
provide some supportive evidence toward this hypothesis. Future experiments could assess 
the characteristics of ROS generation in D1ʹ-containing PS II reaction centres. 
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7.3 Characteristics of D1ʹ-containing PS II centres 
7.3.1 Low levels of D1ʹ-PS II activity suggest a complementary functional role 
The pA1::psbA1 strain enabled examination of PS II activity arising from D1ʹ-containing PS II 
centres; this activity was detected at 2 h under low-oxygen conditions and the rate of oxygen 
evolution and the variable fluorescence signal continued to increase up to 5 h under low 
oxygen, even though the psbA1 transcript level had declined at 5 h compared to 2 h (Fig. 3.7). 
The PS II-specific oxygen evolution and variable fluorescence of the PS II centres containing 
D1 or D1ʹ protein expressed from the low-oxygen responsive psbA1 promoter were much 
lower than observed in the wild type, and were unable to support photoautotrophic growth 
despite the presence of functional centres (Fig. 4.5; Fig 4.8). These data indicate that even 
under prolonged low-oxygen conditions the D1ʹ-PS II centres would not be the dominant type 
of PS II centre in the wild type. Therefore this mechanism of D1 protein exchange is distinct 
from that observed in the case of the stress-induced D1:2 isoform, which replaces the low-
light optimised D1:1 isoform in Synechococcus sp. PCC 7942 as a photoprotective 
mechanism (Campbell et al., 1998; Mulo et al., 2009; Vinyard et al., 2013b). In this case, it 
appears that the low levels of D1ʹ-containing PS II centres induced under low-oxygen 
conditions complement the existing D1-containing centres, perhaps in a similar manner to that 
described for PetC2-containing cytochrome b6f complexes.  
 
The low levels of PS II centres and Chl fluorescence in the pA1::psbA1 and pA1::psbA2 
strains approximate that observed in a ∆PsbO:∆PsbU strain of Synechocystis 6803. Deletion 
of these two lumenal PS II proteins resulted in a loss of photoautotrophic growth at pH 7.5 
due to increased ROS generation from the exposed OEC; however, growth was restored at pH 
10 due to up-regulation of the cells ROS amelioration mechanisms (Summerfield et al., 2007; 
Summerfield et al., 2013). However, preliminary experiments suggested that a similar 
mechanism could not recover the growth of the pA1::psbA1 and pA1::psbA2 strains at pH 10. 
The PS II activity in these strains should be sufficient to confer photoautotrophic growth 
when induced under low-oxygen; perhaps there exists an oxygen-dependent mechanism for 






7.3.2 Functional differences exist between D1- and D1ʹ-PS II 
While levels of variable fluorescence induction were similar between the D1- and D1ʹ-
containing centres induced under low-oxygen, there were differences in their characteristics, 
some of which were also observed in similar centres assembled in aerobic conditions. The 
fluorescence induction profile of the pA1::psbA1 strain did not have the traditional O-J-I-P 
rise observed in wild-type Synechocystis 6803 cells (Kaňa et al., 2012; Summerfield et al., 
2013); specifically, no I-P rise was observed, though such a rise was present in the 
fluorescence induction curve of the pA1::psbA2 control strain, and of both D1- and D1ʹ-
containing PS II centres in aerobic conditions (Fig. 4.11; Fig. 5.5). The variable fluorescence 
of the pA2::psbA1 strain was reduced, however, suggesting a lower level of active PS II 
centres; this was confirmed by BN-PAGE and western blotting (Fig. 5.8).  
The kinetics of forward electron transport following a single-turnover saturating flash were 
slower in D1ʹ-containing PS II centres assembled in either aerobic or low-oxygen conditions 
(Fig. 4.12; Fig. 5.6; Fig. 5.13; Table 4.1 and 5.1). This is consistent with previous reports, 
which suggested retarded TyrZ-mediated electron donation to P680 in D1ʹ-containing centres 
(Funk et al., 2001; Sicora et al., 2004). The function of the (normally low-oxygen induced) 
psbA2 gene product of T. elongatus has been studied, revealing modifications to the TyrZ 
environment, resulting in slowed proton-coupled electron transfer processes associated with 
the oxidation of TyrZ (Sugiura et al., 2012). The data from this study indicate that the kinetics 
of the decay in the presence of DCMU were also perturbed in these centres, especially in the 
fast phase of the decay, suggesting modulations to the back charge-recombination between the 
S2/QB species. This perturbation was also observed in the presence of bromoxynil, suggesting 
that the altered charge recombination in D1ʹ occurs regardless of the midpoint potential of the 
QA/QA
-
 pair (Fig. 5.6). This is consistent with the literature which suggests that the midpoint 
potential of the S2/S1 state is lowered by ~20 mV in D1ʹ-containing reaction centres (Sicora et 
al., 2004).  
An alternative explanation for the data is an increased proportion of PS II centres in which the 
OEC is not yet fully photoactivated, especially in the pA1::psbA1 and pA1::psbA2 strains (Fig. 
4.12) (Cheniae & Martin, 1971; Tamura & Cheniae, 1987). This may result in an increase in 
TyrZ
+
 in these centres due to insufficient re-reduction by the OEC, and increases charge 
recombination with the S2 state in the presence of DCMU (Johnson et al., 1995; Sicora et al., 
2004). The data suggest that D1ʹ-containing centres are more likely to undergo charge 
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recombination; however, the effect of the mutations in this isoform on the conformation of the 
QB site and the binding of DCMU are not known.   
Back charge-recombination through PS II may function as a photoprotective mechanism to 
dissipate excess light energy  (Krieger-Liszkay & Rutherford, 1998; Cser & Vass, 2007). 
Indeed, recent evidence indicates that the Glu130:Gln substitution confers a similar 
photoprotective modulation in charge recombination in the D1:2 isoform (Vinyard et al., 
2013b, 2014). It was therefore hypothesised that the slower forward electron transport and 
faster back charge-recombination through D1ʹ-containing PS II centres function under low-
oxygen conditions to counteract the over-reduction of the PQ pool and quench excess energy, 
respectively.  
The data generated from this in vivo analysis of electron transport and charge 
separation/recombination properties of D1ʹ-containing PS II centres would best be 
complemented by an in vitro comparison of purified PS II reaction centre complexes 
containing either D1 or D1ʹ. To this end, a strain similar to pA1::psbA1 has been constructed, 
in which a 6-His tag is expressed at the C-terminus of the CP47 subunit. An equivalent His-
tag-containing pA2::psbA1-like strain has not been constructed, but would give higher yields 
of constitutively-expressed D1ʹ -containing PS II.  
The characteristics of the low-oxygen-induced PS II reaction centres are quite different when 
induced at a higher light intensity. Oxygen evolution in the presence of DMBQ was reduced 
in the D1ʹ-containing PS II centres and the presence of DMBQ inhibited the decay of Chl 
fluorescence after several flash-induced turnovers of these centres (Fig 5.12; Fig. 5.13). 
Forward electron transport was also slower at higher light intensities, though back charge-
recombination was similar. DMBQ is known to exacerbate acceptor side lesions in PS II 
mutants (Luo et al., 2014). Therefore it appears that the acceptor side of low-oxygen-induced, 
D1ʹ-containing PS II centres are much more inhibited in highlight, consistent with the light-
sensitive phenotype discussed below. Some of the data suggest an interaction between these 
centres and the Flv2/4/Sll0218 complex; however, the flv genes are known to be induced by 
low-CO2 conditions and these experiments were mostly performed using relatively high CO2 
levels (Zhang et al., 2009, 2012). Further investigation will be required to confirm the up-






7.4 Assembly of D1ʹ-containing PS II centres 
7.4.1 D1ʹ-containing PS II centres are assembled to lower levels than D1-PS II 
Large pools of unincorporated CP43, CP47 and D2 pre-complexes of PS II assembly were 
detected in membranes isolated from the pA1::psbA2 and pA1::psbA1 strains in aerobic 
conditions. The induction of expression of either the D1 or D1ʹ protein by incubation in low-
oxygen conditions resulted in the accumulation of dimeric and monomeric PS II reaction 
centre complexes in these strains (Fig. 5.8(C-E)). The pools of unincorporated assembly pre-
complexes were depleted concomitant with this low-oxygen-induced assembly of reaction 
centres. This is consistent with the current model of PS II biogenesis, in which assembled pre-
complexes containing a major Chl-binding subunit and associated low-molecular-weight 
subunits are sequentially added to the growing reaction centre complex, assisted by transiently 
associated assembly factors (Nixon et al., 2010; Komenda et al., 2012; Järvi et al., 2015). The 
limitation on PS II biogenesis imposed by the absence of D1 polypeptides in the pA1::psbA1 
and, to a lesser extent, the pA1::psbA2 strains in aerobic conditions results in the accumulation 
of the unincorporated pre-complexes, and is removed by induction of psbA expression from 
the psbA1 promoter in low-oxygen conditions.  
 
Very low levels of D1 protein, assembled PS II reaction centre complexes and PS II activity 
were detected in the pA1::psbA2 strain in aerobic conditions (Fig. 5.5; Fig. 5.7; Fig. 5.8). In 
addition, the accumulation of CP43-containing PS II assembly intermediates in aerobic 
conditions was enhanced in the pA1::psbA1 and pA1::psbA2 strains relative to their ∆psbA 
background strain. This suggests that even trace levels of mRNA transcripts expressed from 
the psbA1 promoter in aerobic conditions are translated, and influence the assembly of 
reaction centres. Indeed, a knockout strain of psbA1 displayed reduced oxygen evolution and 
variable Chl fluorescence in aerobic conditions, and psbA1 promoter activity was recently 
found to be regulated in response to light levels and ammonium and nitrogen stress in aerobic 
conditions (Fig. 3.15; Fig. 3.19; Dai et al., 2014). It seems that all three psbA genes are 
required to achieve the full capacity of electron transport in Synechocystis 6803, similar to 
that observed for the petC gene family (Tsunoyama et al., 2009). 
 
In thylakoid membranes of the pA1::psbA1 strain, reaction centres were assembled to lower 
levels in low-oxygen conditions, and lower levels of D1ʹ protein accumulated than in the 
pA1::psbA2 strain; however, the levels of PS II activity were similar between the two strains 
(Fig. 5.7; Fig. 5.8). Salih & Jansson (1997) reported a lower immunoreactivity between the 
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anti-D1 antibody and the D1ʹ protein and no reactivity at all with an antibody raised against 
the N-terminus of D1, a region with lower identity to D1ʹ. While the present data do not 
exclude this possibility, reduced levels of assembled PS II reaction centre complexes in the 
D1ʹ-expressing strains were detected not only with the anti-D1 antibody but also to a similar 
extent with the anti-CP47, CP43 and D2 antibodies (Fig. 5.9).  
 
The pA2::psbA1 mutant is similar to the A1K strain constructed and characterised by Salih & 
Jansson (1997) and subsequent research, in which the constitutive expression of the psbA1 
transcript was first achieved (Funk et al., 2001; Sicora et al., 2004). In this strain, the turnover 
of the D1 and D1ʹ proteins were similar, even under high light. However, the A1K mutant was 
constructed by splicing the minimal psbA2 promoter upstream of the slr1181 ORF by a series 
of DNA sequence manipulations. The equivalent pA2::psbA1 strain characterised in this 
project was constructed in a much more straightforward manner by placing the slr1181 ORF 
downstream of the complete psbA2 promoter sequence.  
 
The mechanisms for activation and regulation of psbA gene expression are complex, and we 
now know that the DNA sequence upstream (and downstream) of the psbA1 and psbA2 ORFs 
contains a number of regulatory elements, including the ChlR binding site and non-coding 
RNAs which provide positive regulation of transcription (Aoki et al., 2012; Mulo et al., 2012; 
Sakurai et al., 2012). In Synechococcus sp. PCC 7942, the stability of psbA mRNA is 
regulated by the untranslated 5’ leader sequence of the transcript and a stabiliser element 
within the coding region (corresponding to the first transmembrane helix of the D1 protein) 
(Kulkarni et al., 1992; Kulkarni & Golden, 1997). One explanation for the difference between 
the data in the present study and that of Salih & Jansson (1997) could be that the psbA1 
transcript is less stable in the pA2::psbA1 strain due to a different DNA sequence. In addition, 
the psbA1 transcriptional terminator might facilitate a low level of read-through, which may 
enable the up-regulation of slr1182 and downstream genes under low-oxygen conditions 
without a stand-alone transcriptional start site or promoter (Fig. 3.6); however, the psbA1 






7.4.2 Increased light-sensitivity of D1ʹ-containing PS II centres 
The low levels of D1 protein and PS II activity observed in the pA1::psbA2 strain in aerobic 
conditions were not observed in the pA1::psbA1 strain. In moderate light intensities, decreased 
accumulation of mature D1ʹ polypeptide and its processing intermediates were observed in 
both the pA2::psbA1 and pA1::psbA1 strains compared to equivalent psbA2-containing strains. 
In addition, the pA2::psbA1 strain, in which only the D1ʹ protein was constitutively expressed, 
displayed a number of deleterious phenotypes including slower photoautotrophic growth, 
reduced oxygen evolution and variable fluorescence and an altered pigment compositions 
(Figs. 5.2-5.5). Analysis of thylakoid membranes isolated from this strain revealed a 
decreased accumulation of the D1ʹ protein and a decreased level of assembled PS II reaction 
centre complexes (Fig. 5.7; Fig. 5.8). 77 K fluorescence emission spectroscopy and BN-
PAGE/western blot analysis revealed an increased proportion of unincorporated CP43 pre-
complexes of PS II assembly in this strain compared with the pA2::psbA2 control strain (Fig. 
5.3; Fig. 5.8).  
 
D1ʹ-containing PS II reaction centre complexes in the pA2::psbA1 strain were more prone to 
photodamage by high light intensities than D1-containing centres, contributing to a higher 
susceptibility to photoinhibition, and were unable to support photoautotrophic growth in high 
light conditions (Fig. 5.11). While the photoinhibition of the PS II centres induced in low-
oxygen conditions was not directly assessed, oxygen evolution data suggested that centres in 
both strains were rapidly photoinactivated, and an acceptor-side lesion was apparent when 
centres were induced at higher light intensities (Fig. 4.10; Fig. 5.12; Fig. 5.13). These data 
suggest an increased sensitivity of the D1ʹ protein to light, compared to the D1 isoform.  
 
One explanation for the data involves an increased rate of degradation and removal of 
damaged D1ʹ protein, which is mediated primarily by the FtsH metalloprotease (Nixon et al., 
2005). The mechanism by which FtsH recognises damaged PS II reaction centres and triggers 
their disassembly to access the damaged D1 subunit is unknown, but may involve a 
conformational change in the reaction centre during photodamage (Aro et al., 1992; Nixon et 
al., 2005). Recent data suggests the existence of a targeted repair mechanism specific for 
damaged or inefficient D1 protein, and it is possible that light-induced oxidative damage and 
loss of pigments results in an inevitable structural destabilisation of the protein, which triggers 
repair (Nixon et al., 2005; Nagarajan & Burnap, 2014). Previous research has shown that D1ʹ-
containing PS II reaction centre complexes are less efficient than D1-containing centres in 
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aerobic conditions (Funk et al., 2001), and our data indicate that Chl a fluorescence is altered 
in D1ʹ-containing reaction centres assembled under low-oxygen conditions (Fig. 4.11; Fig 
4.12). Furthermore, we show that expression of the psbA gene from the low-oxygen 
responsive psbA1 promoter results in low levels of assembled reaction centres while 
expression of psbA1 from the constitutive psbA2 promoter results in reduced levels of 
assembled centres relative to the control strain in aerobic conditions. Mass spectrometry data 
suggested an increased association between the FtsH2/FtsH3 metalloprotease and D1ʹ-
containing PS II reaction centre complexes in the pA1::psbA1 strain (Table 5.2). It was 
hypothesised that this is due to an increased light sensitivity of the D1ʹ protein relative to D1, 
perhaps due to the perturbed electron transport characteristics of D1ʹ-containing PS II centres, 
which enhances the susceptibility of these centres to oxidative stress and photodamage and 
engenders a higher rate of FtsH-mediated D1ʹ subunit turnover. However, further work is 
needed to investigate the interaction between FtsH and D1ʹ-containing PS II centres and the 
repair of PS II under low-oxygen conditions.  
7.4.3 Effect of D1ʹ or psbA1 on other protein complexes 
Electron transport and the down-regulation of terminal respiratory activity under low-oxygen 
conditions were impaired in a knockout strain of psbA1 (Fig. 3.16; Fig 3.19; Fig. 3.20). In 
addition, low-temperature fluorescence emission spectroscopy and 2D-BN/SDS-PAGE 
suggested that the substitution of the D1ʹ isoform for D1 affected the composition of 
membrane protein complexes other than PS II, including PS I, the cytochrome b6f complex 
and the PBS antennae (Fig. 5.3; Fig. 5.10). Therefore it appears that D1ʹ or psbA1 may have 
an effect on the broader photosynthetic apparatus under low-oxygen conditions. The 
mechanism by which this regulation is achieved is not immediately obvious, but may be 
related to the increased light-sensitivity of the protein and its influence on the repair cycle and 
rates of photoinhibition. FtsH has been implicated in the quality control and assembly of PS I 
and the cytochrome b6f complex, and it is possible that this protease has a higher affinity for 
D1ʹ than D1, which could reduce its activity on other protein substrates when D1ʹ is expressed 
(Mann et al., 2000; Malnoë et al., 2014; Table 5.2). The production of ROS by D1ʹ-containing 
PS II centres is another candidate for this effect, and merits further investigation, as the 
experiments in this study proved inconclusive (Fig. 4.6).  
 
Curiously, although D1ʹ protein was detected using western blotting in psbA mutant strains, 
mass spectrometry could not detect the gene product of psbA1 in dimeric PS II reaction 





result of the simultaneous expression of both the D1 and D1ʹ isoforms in the wild type under 
low-oxygen conditions. Using the model proposed by Nagarajan et al. (2014), if the D1ʹ form 
were less efficient (or more light-sensitive or damage-prone), it would be degraded and 
removed preferentially to D1, leading to a much lower accumulation in membranes. This 
observation is consistent with the idea of a targeted D1 repair system in cyanobacteria and 
supports the hypothesis of a more light-sensitive D1ʹ protein.  
7.4.4 Evolutionary implications of D1ʹ function 
A group of conserved low-oxygen-induced psbA genes, including psbA1 of Synechocystis 
6803, psbA0 of Anabaena sp. PCC 7120 and psbA2 of T. elongatus, form the earliest-
branching clade within a phylogeny of cyanobacterial psbA genes which contain the required 
ligands to assemble the OEC of PS II (Cardona et al., 2015). This suggests that the D1ʹ 
protein represents a prototype version of the D1 protein of oxygenic photosynthesis, which 
evolved at a time early in the evolutionary history of cyanobacteria when Earth’s atmosphere 
was still anaerobic. The data presented here suggest that D1ʹ is more readily photodamaged 
and that reaction centres containing D1ʹ are less resistant to photoinhibition in aerobic 
conditions. Evolution may have therefore selected for a less light-sensitive isoform of D1 over 
time, perhaps as a result of increasing levels of intracellular ROS due to the accumulation of 
oxygen in the atmosphere and oceans (Hohmann-Marriott & Blankenship, 2011; Cardona et 
al., 2015).  
Considering this hypothesis, it would be interesting to analyse the effect of the conserved 
Gly80Ala, Phe185Leu and Thr286Ala amino acid substitutions of the low-oxygen-induced 
Group 3 psbA genes, individually and collectively, on the light sensitivity, electron transport 
properties and assembly/repair of PS II reaction centres. These substitutions are also present 
in the D1 proteins encoded by divergent Group 1 and 2 psbA genes in cyanobacteria, which 
likely do not produce oxygen-evolving PS II centres (Cardona et al., 2015; Wegener et al., 
2015). Further, the D1ʹ-encoding psbA genes from other species (e.g. Cyanothece sp. PCC 
51142 and Anabaena sp. ATCC 29413) could be expressed in the ΔpsbA background of 
Synechocystis 6803 to assess the conservation of characteristics across cyanobacteria. These 
experiments would inform our understanding of the changes to the protein machinery which 
occurred during the early evolution of oxygenic photosynthesis. 
The data presented here detail the regulation of psbA1 expression by oxygen levels, and recent 
research has suggested further regulation by light, ammonium stress and nitrogen deprivation, 
even in aerobic conditions (Dai et al., 2014). These are the type of stress conditions frequently 
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encountered by cyanobacteria in senescent phytoplankton blooms and psbA1 expression may 
provide a strategy for photoprotection to allow survival under these conditions (Bowling & 
Baker, 1996; Stal et al., 1999; Gutekunst et al., 2014; Kopf et al., 2015). It is possible that 
these extreme environments may have provided selection pressure for extant cyanobacteria to 






7.5 Characterisation of a spontaneous mutation affecting Chl a biosynthesis 
7.5.1 Origins of the GT-O2 wild type 
Chapter six describes the serendipitous identification of a spontaneous point mutation in the 
Chl biosynthesis gene chlH in a divergent wild-type strain of Synechocystis 6803, and the 
controlled, de novo re-construction of the mutation and characterisation of the resultant 
strains. The conditions which lead to the development of the mutations present in the GT-O2 
wild type are not known, but it is thought that this strain was present in our lab for at least a 
decade before being re-sequenced, and it is possible that an extended period of stress lead to 
the divergence of the GT-O2 strain.  
The stress response transcription factor SigE may be implicated in this process considering its 
interactions with both ChlH (which is an anti-sigma factor to SigE) and the histidine kinase 
Hik8 (Osanai et al., 2009, 2015). A signal transduction cascade triggered by the latter gene is 
implicated in the regulation of glucose metabolism in Synechocystis 6803 (Okada et al., 
2015). Furthermore, the orthologue of Hik8 in Synechococcus sp. PCC 7942, SasA, interacts 
directly with the circadian clock protein KaiC to transduce circadian signals and regulate 
transcription (Iwasaki et al., 2000; Takai et al., 2006). The original wild-type isolate of 
Synechocystis sp. PCC 6803 was not glucose-tolerant, and only recently acquired the capacity 
to use glucose as an exogenous carbon source due to mutations accrued in the laboratory 
(Williams, 1988; Morris et al., 2014). In addition, phototrophic organisms in nature almost 
never experience 24 h periods of constant light. Recent re-sequencing studies have 
highlighted the genomic instability of laboratory strains of Synechocystis 6803 worldwide 
(Tajima et al., 2011; Kanesaki et al., 2012; Trautmann et al., 2012). Perhaps a prolonged 
period of growth on heterotrophic media in constant light exacerbated the metabolic stresses 
on the organism and selected for the divergent wild-type strain with mutations in Hik8 and/or 
ChlH.  
7.5.2 GT-O2 strains as an investigative tool 
The abolition of photoautotrophic growth in the ∆ycf48 (GT-O2) strain provided a useful 
selection measure to identify the primary genotype contributor to the GT-O2 phenotype (Fig. 
6.7; Fig. 6.8). However, the observation may in itself provide insight into the processes of PS 
II biogenesis and repair. For example, the adaptation of the GT-O2 strain to high light 
intensities provides evidence for the current model of Chl distribution to PS I trimers and Chl 
recycling within the PS II repair cycle (Fig. 6.18). The GT-O1:ChlH-O2 strain should serve as 
a useful tool to examine this process in a background with reduced biosynthesis of Chl a. 
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Preliminary analyses of thylakoid membrane composition using sucrose density gradient 
centrifugation suggested alterations to the ratio of PS I trimers and monomers in strains in the 
GT-O2 background; however, more work is needed to replicate and confirm these 
observations in the G195E mutant strains. Work is already underway to recreate and 
characterise mutant strains of PS II assembly factors and major subunits in this background. 
Although other mutants of ChlH (including the gun5-1 (A942V) and cch (P624L) variants) 
have been characterised in Arabidopsis thaliana and Synechocystis 6803 this is, to the 
author’s knowledge, the first in vivo characterisation of a directed point mutation of this 
protein in a cyanobacterium (Mochizuki et al., 2001). The mechanism by which the ChlH-
G195E substitution reduces Chl a accumulation is unclear, though it is clearly the causative 
agent; given the position of this enzyme in the Chl biosynthesis pathway, it is highly likely 
that the flux through this pathway is reduced. No crystal structure of ChlH exists to enable 
modelling of the G195E substitution; however, SAXS data suggest that G195 would be near 
the top of the cavity formed by the major domain of the protein (Qian et al., 2012). If so, then 
the reduced Chl a accumulation could be a direct result of slowed catalysis in the G195E-
ChlH:Mg-chelatase enzyme. Alternatively, given the known regulatory roles of ChlH, this 
mutation could interfere with the partitioning of tetrapyrrole biosynthesis intermediates into 
either the Mg- or Fe-derivative pathways (Mochizuki et al., 2001; Osanai et al., 2009). 
Analysis of the accumulation of tetrapyrrole biosynthesis intermediates in G195E mutant 
strains by high-performance liquid chromatography is currently underway and should provide 
insight to this question. 
7.5.3 Contribution of other GT-O2 mutations 
Finally, the abolition of photoautotrophic growth of the GT-O2:ChlH-O1 by highlight 
conditions suggests the contributions of other mutations present in the GT-O2 background 
(Fig. 6.17). The R65C variant of Hik8 is unlikely to be a candidate, as photoautotrophic 
growth in high light was the same in the Hik8c-O2 strain carrying this mutation as in the 
Hik8c-O1 control strain. The slr1609 gene encodes the FadD involved in fatty acid 
metabolism; however, little is known about the function of this protein in cyanobacteria 
(Pech-Canul et al., 2011). Orthologues of the slr0154 gene in other cyanobacteria encode the 
CruE enzyme, a β-carotene desaturase/methyltransferase involved in carotenoid biosynthesis, 
which may be up-regulated in high light stress as a photoprotective mechanism (Hirschberg & 
Chamovitz, 1994; Graham & Bryant, 2008). slr1204 encodes the DegP/HtrA serine protease, 
an enzyme involved in but not essential for D1 turnover and PS II repair in vivo; expression of 





(Barker et al., 2006). DegP is found in the cytoplasmic membranes of Synechocystis 6803 
which suggests that its interactions with PS II occur in this area and may be proximal to the 
putative biogenesis centres (Huang et al., 2004; Stengel et al., 2012). The growth of the GT-
O2:ChlH-O2 strain in highlight indicates that the native variant of ChlH is incompatible with 
the mutations in the GT-O2 background in these conditions, but not in moderate light, which 
suggests that the high light intensity exacerbates a defective interaction between ChlH and 
another protein. Both the S307F substitution in slr0154 and the frame shift mutation in 
slr1204 (which would effectively delete the C-terminal 382 amino acids in the protein) could 
contribute to the abolition of photoautotrophic growth of this strain under high light; however, 
a photoautotrophic selection assay is required to identify which mutation is responsible 
(Morris et al., 2014).  
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7.6 Conclusions and future perspectives 
This project has investigated the function of a cluster of genes up-regulated under low-oxygen 
conditions. Transcriptional analyses indicated that psbA1, the hypothetical genes slr1182-
slr1184 and ssr1966-petC2 were each expressed as individual transcripts, but were co-
regulated during transitions between aerobic and low-oxygen conditions. This suggests a 
functional interaction between D1ʹ-containing PS II reaction centres, PetC2-containing 
cytochrome b6f complexes, and possibly the proteins encoded by the LOC genes. None of 
these genes were absolutely required for growth under low-oxygen conditions, but a ∆petC2 
strain displayed increased PS II activity under low-oxygen conditions, consistent with a 
regulatory role proposed for the low levels of cytochrome b6f complexes containing this 
Rieske ISP isoform. Future research could make use of the new ΔpetC1 strain constructed 
during this project to examine the protein and functional characteristics of a PetC2-containing 
cytochrome b6f complex.  
Analysis of a knockout strain of psbA1 indicated perturbed photosynthetic and respiratory 
electron transport under low-oxygen conditions, and despite only trace levels of expression, 
psbA1 was found to be required for full capacity of the electron transport chain in aerobic 
conditions. In addition, constitutive expression of psbA1 resulted in altered levels of several 
of the multi-protein complexes of photosynthesis. These data therefore suggest a regulatory 
role for the D1ʹ protein or the psbA1 gene or transcript, in both aerobic and low-oxygen 
conditions, consistent with recent research. One explanation for this is that a minority 
population of D1ʹ-containing PS II reaction centres exerts a regulatory influence on the 
majority population of D1-containing PS II, possibly by mediating the rate of photoinhibition 
of PS II.  
Considering the increased rate of photodamage to D1ʹ protein relative to D1, a more thorough 
investigation of ROS generation in psbA mutant strains might be informative. However, in 
order to determine the true role of psbA1 it may be necessary to first determine the 
environmental conditions in which it is absolutely functionally required. Future work could 
examine the effect of growth of the ΔpsbA1 strain (and other LOC mutant strains) in the 
presence of hydrogen sulfide, ammonium, oxidative stress, high light and/or circadian 
rhythms; the best approach to this would to be approximate the natural environment of 






Expression of the psbA1 or psbA2 genes from the low-oxygen responsive psbA1 promoter 
resulted in the induction of low levels of PS II activity in low-oxygen conditions. Slowed 
forward electron transport and altered back-charge recombination suggested a photoprotective 
role for D1ʹ-containing PS II reaction centres. Future work could complement this in vivo 
analysis of the properties of D1ʹ-containing PS II centres with an in vitro comparison of 
purified PS II reaction centre complexes, using a His-tagged D1ʹ-expressing strain developed 
during this project.  
The assembly of D1ʹ-containing PS II reaction centre complexes in aerobic and low-oxygen 
conditions was assessed using native and 2D gel electrophoresis and indicated reduced levels 
of assembled centres in D1ʹ-expressing strains, especially in aerobic conditions. D1ʹ-
containing PS II reaction centres displayed defective electron transport and were more 
susceptible to photoinhibition in aerobic conditions than the D1ʹ-containing equivalent. It 
appears that D1ʹ may be more light-sensitive than D1, and may be an evolutionary prototype 
for the core protein of oxygenic photosynthesis. Future research could investigate the role of 
conserved amino acid substitutions in the light sensitivity of D1ʹ, and identify the 
environmental conditions under which it is functionally required and therefore the selection 
pressure driving its maintenance in extant cyanobacteria.  
The final chapter in this thesis discusses the investigation of the effect of the ChlH-G195E 
substitution on Chl biosynthesis. It also details the development and characterisation of the 
GT-O1:ChlH-O2 strain, containing the G195E mutant gene of chlH, as a platform for 
investigating the assembly of reaction centre complexes in a Chl-limited background. Future 
research could characterise the effect of deletion of various components of PS II assembly and 
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